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The Art 6t Oeoerating Gear Teeth. 



CHAPTER I. 

THEORY OF TOOTS-CUBVBS. 

The theoiy of the action of gear teeth 
has probably received more attention by 
writers on mechanism than any other 
branch of applied mechanics, but com- 
paratively little has been written with the. 
intention of showing what has been done 
in the way of practically incorporating 
the principles involved in operative 
machines. Usually in works on the sub- 
ject or in articles of the technical press 
not more than one or two machines are 
described, and there has not hitherto 
been published, as far as known to the 
writer, any comprehensive review of 
what has hitherto been accomplished in 
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the invention and actual construction of 
gear-cutting machines. It is not pro- 
posed, however, to treat here of gear- 
cutting broadly, but to confine this 
review to those classes of gear-cutting 
machines which ''generate" the tooth- 
curves, in contradistinction to those ma- 
chines in which formed cutters or tem- 
plets are used, previously shaped to the 
contour of the teeth. It is true here, 
however, as it is everywhere in nature as 
well as in mechanics, that a hard and fast 
line cannot be drawn between the classes. 
Before describing any of the different 
ways in which inventors have solved the 
problems involved in the design and con- 
struction of gear generating machines, it 
will be advisable to state briefly what 
the problems are — ^that is, to show what 
the machines must be capable of doing 
before describing the ways in which they 
do it. Notwithstanding the fact that 
so much has been written about the 
theory of gear teeth, it is proposed to 
devote a little space to it here because 



some familiarity with it is essential to an 
imderstanding of the principle of opera- 
tion of generating • machines, and it 
would not be safe to assume that every- 
one who will read this article will have 
the matter fresh in mind. 

Instead, however, of approaching the 
subject from a purely mathematical point 
of view, as is usually the case in works on 
the subject, it is intended to present 
some special concrete cases in such a way 
that the conclusions arrived at can be 
seen to be true, with little or no mathe- 
matical demonstration. The practical 
man is usually satisfied if he can clearly 
see the application of the theory to some 
special case, and is willing to take for 
granted that the same holds true in all 
other cases of the same kind, but if he 
should not be satisfied without a general 
demonstration there are always the 
standard books on mechanics and trea- 
tises on toothed wheels to which he can 
refer. 

Then, too, there are many people who' 



are deterred by a feat that they will not 
be able to follow from reading an3rthing 
containing mathematical symbols, but 
there is no reason why the principles de- 
termining the forms of gear teeth in com- 
mon use should not be imderstood by 
anyone of intelligence, even if he has 
never studied algebra or trigonometry. 
There is no branch of mechanics in which 
the application of theory to practice is 
more direct and beautiful than that which 
treats of the problem of giving the most 
efficient form to the teeth of gears. 

According to the plan of taking a sim- 
ple concrete case instead of a general 
proposition covering different forms of 
gears, suppose we have a pair of parallel 
shafts which we wish to connect by a pair 
of spur gears in such a way that their 
relative motions will be exactly the same 
as if they were connected by a pair of 
smooth pulleys touching each other 
along a line and rolling on each other 
without any slip. The problem in 
designing gear teeth is simply to keep the 



relative motions of a pair of gears the 
same as that of the smooth wheels. In 
the case under consideration the action 
of the teeth can be perfectly investigated 
on paper, since a section at right angles 
to the faces of the teeth is a plane. Thus 
in Fig. 1 the circles aroimd and A 
represent an end elevation or cross- 
section of a pair of smooth pulleys, which 
touch, each other at C. If one of these 
is turned at a constant speed the other 
will be turned in the opposite direction 
also at a constant speed, which, assum- 
ing as we do that there is no slip, is the 
highest speed that the first pulley is 
capable of directly imparting. Obvi- 
ously the circumferences are travelling 
at the sai^e rate, since one is "pulled 
along" by the other without any lost 
motion, but\ as the circles have different 
radii the smaller will make a complete 
revolution before the larger one does ; in 
other words, their angular velocities are 
not the same, the relation between them 
depending upon the ratio between the 



radii. Since the angular velocity of the 
small circle is greater than that of the 
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large one, we can say that the angular 
velocities vary inversely as the radii — 



that is, the shorter the radius the greater 
the angular velocity, instances of which 
fact are constantly met with in nmchin- 
ery where a large pulley or gear drives 
a small one the shaft of which runs at a 
much higher speed than the shaft of the 
large wheel. 

Now, as soon as a pair of toothed 
wheels takes the place of the smooth 
pulleys, the mutual action is no longer 
confined to the point C, but continues 
from the point where a pair of teeth first 
touch, through the point C, until they 
separate on the other side. Considering 
a single pair of teeth, it will be evident "^ 

that when their point of contact crosses 
the line of centers AO it must do so at 
C, otherwise the ratio between the angu- 
lar velocities of the two toothed wheels 
would not be the same as that between 
the angular velocities of the two smooth 
wheels which touch each other at C only. 
Now, unless different parts of the same 
wheel are to be driven at different angu- 
lar velocities, which is absurd and mani- 
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f estly impossible, all the successive points 
of contact of the teeth from the time they 
first meet on one side of the line of centers 
imtil they separate on the other side 
must be so located that the same angular 
velocity will be transmitted as when the 
point of contact is at C, notwithstanding 
the fact that the driving point is at a 
greater distance from the center, and 
consequently is travelling faster. This 
appears like a serious obstacle until one 
considers that a moving point cannot 
transmit the whole of its motion to a 
second point unless the latter is free to 
move in the same direction as the first. 
If it can only move at right angles to the 
direction of motion of the first, then it 
can receive no motion at all from the 
moving point, and if it can only move 
at an acute angle, then its motion 
depends upon that angle. Evidently 
that is the case here, for the directions 
in which points on the driving and driven 
wheels move only coincide when the 
points are in contact at C. At other 



times the entire motion of a point on the 
driver cannot be imparted to a point on 
the driven wheel, because they are not 
moving in the same direction. 

Now, consider wheel A to have teeth 
formed by cutting radial grooves, so 
that the radius AH represents one side 
of a groove, and the wheel to have 
teeth formed on it, which act to drive A 
by engaging the side of the radial groove. 
When the radius coincides with the line 
of centers AO the point where the tooth 
on touches it must be at C, as we have 
seen, but we do not yet know where the 
point of contact should be when the ra- 
dius is in some other position, such as 
AH, We know that the direction in 
which the point of contact is momentarily 
moving must be at right angles to the 
radius, since a point revolving around a 
fixed center is moving at any given in- 
stant in the direction of the tangent to its 
path at that point, so in order to assume 
some definite position for the point of 
contact let us assume that it lies at B, 
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where the perpendicular from G meets 
AH, Then the radius which determines 
the angular velocity of circle A is AS in- 
stead of ACy which being shorter, would 
cause ilto rotate faster imless the effective 
radius of the driving point has been re- 
duced proportionately. Draw OB and 
let fall a perpendicular from upon BC 
produced, meeting it at D, Now, although 
the driving point at B is travelling around 
the center at an increased speed owing 
to its greater radius OB, it cannot trans- 
mit all its velocity to the driven point at 
B for the reason stated above, that they 
are not moving in the same direction. 
As far as motion in the same direction — 
that is, along line CB — is concerned, it 
can be seen that the effective radius of 
the driving point B is not OB but OD, 
which is perpendicular to the direction 
of motion CB, so that the effective radii 
of the points in contact are now AB and 
OD instead of AC and OC. The propor- 
tion between each of these pairs is, how- 
ever, the same, to prove which a little ele- 
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mentary geometry must be considered. 
The triangles ACB and OCD are similar, 
each of their angles being respectively 
equal, and therefore their correspond- 
ing sides are proportional — ^that is; 
AC:OC=AB:OD, We saw that the 
angular velocities of the smooth wheels 
were proportional, inversely, to the radii 
AC and OC; therefore the angular veloc- 
ities are unchanged when the wheels 
are toothed in the way we have assumed, 
because the new radii of the points in 
contact have the same ratio as AC and 
OC. Now, clearly this ratio would be 
changed if the perpendicular to A,H at B 
did not pass through C, because then the 
triangles would not have a pair of sides 
equal in length to AC and OC^ so we 
have discovered one fact — namely, when 
a tooth of one wheel engages the side of 
a radial groove on the other wheel, the 
point of contact must always be in the 
perpendicular let fall upon the radial face 
from the point of contact of the two 
smooth pulleys, the motion of which 
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is to be reproduced by the toothed 
wheels. 

When two curves touch each other in 
one point only without crossing each 
other they have a common tangent at 
that point, and the perpendicular to the 
tangent at that point is the common 
normal. Evidently if one of the curves 
is a straight line it coincides with the 
tangent, and the perpendicular to it at 
the point of contact is the common nor- 
mal. Therefore BC is the common nor- 
mal to the tooth faces, and the condition 
for uniform motion is that the common 
normal at the point of contact of a driv- 
ing and driven tooth must pass through 
the line of centers at the point of contact 
of the pitch circles, for the pitch circles of 
a pair of gears are those imaginary circles 
which are tangent to each other when the 
gears are in mesh, the radii of which are 
inversely proportional to the angular 
velocities of the gears. 

In Fig. 2 successive positions, AH^, 
AH^, AH^, of the radius AH and of the 



perpendicular to it through C have been 
drawn, and we find that the path de- 




scribed by the point of contact on a sta- 
tionary plane — that is, one not moving 
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with the rotating wheel A — is a circle 
whose diameter equals the radius of the 
circle A . Geometrically this is proved by 
the fact that the locus of all points at the 
apices of right-angled triangles having a 
common hypothenuse is a circle of which 
the common hypothenuse is a diameter. 
We want to find, therefore, the form of 
tooth on which will drive A by contact 
with the radius AH at the successive 
points indicated by B, B^, B^ and 5*. 
Now, it is a remarkable fact that if the 
small circle ABC is rolled around on the 
inside of the circumference of circle A 
a point on its periphery, such as B, will 
travel along a radius of circle A, thus 
tracing the very form of tooth-face which 
we have chosen for that wheel. This can 
be easily demonstrated, and first it must 
be noticed that the relative motion of the 
two circles is the same whether the larger 
is stationary and the small one rolls on 
its periphery, or whether they both rotate 
on fixed centers and one drives the other 
by friction at the point of contact, for in 
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each case the periphery of the small circle 
is "laid down/' or '* measured off/' on 
the periphery of the large circle, and 
every successive point of one circumfer- 
ence comes into contact with every suc- 
cessive point of the other. This is the 
case represented in Fig. 2. The circle A 
in rotating has carried the radius AH 
from a position coinciding with AC 
through the various positions AH^, etc., 
to a position coinciding with ADy and 
at the same time the small circle in rota- 
ting has carried the point B from C 
through S\ etc., to A, and it will be 
noticed that every position of B lies in 
the radius AH in its corresponding posi- 
tion. 

To demonstrate this fact, let AH in 
Fig. 3 represent the position of the radius 
AC of circle A after it has rotated through 
an angle a, and assume that ED repre- 
sents the position of the radius EC of the 
circle E, which has been rotated through 
an angle h by frictional contact of the 
circumferences at C. 
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We know that the arc Off = arc CD, 
since the points D and H have moved 
with equal velocity from C, where they 
coincided to their present positions. We 




Fig. 3. — ^Principles of Gear-teeth Curves. 

also know that the angular velocities of 
the two circles are inversely as their radii, 
and that, therefore, angle &=2 angle a. 
Now, the angle at the center of a circle 
which subtends a given arc is equal to 
twice the angle at the periphery which 
subtends the same arc. Therefore, since 
& is an angle at the center and a an angle 
at the periphery of the circle E and h is 
t^ice as large as a, the two angles must 
subtend the same arc on that circle, and 



17 



D must coincide with 5, the point where 
AH intersects the periphery of E, Since 
the angle a represents any angle through 
which AH may be turned, and the angle 
h must always equal 2a, it follows that 
any point B on the circle E traces as it 
rolls inside it a radius of the circle A. 

A beautifully simple way of drawing 
the proper form of tooth on the other 
pitch circle is now available. Take 
the same circle £, which when rolled 
inside pitch circle A traces the tooth- 
face AH J and roll it on the outside of 
pitch circle 0, as in Fig. 4, a point on its 
peripl)Lery such as B will trace a curve 
CBD Tlirhich is an epicycloid. The motion 
being the same relatively, whether E is 
rolled aroimd or both are rotated on 
fixed centers at equal peripherial speed, 
it may be considered as having simul- 
taneously (see Fig. 2 again) a rolling 
motion inside circle A and outside circle 
0. The same point on its periphery, then, 
that traces the radius AH of A, traces the 
epicycloid CBD on O, consequently that 
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epicycloid is the form of tooth suitable 
to drive the radially grooved wheel, 
because at every instant the engaging 




Fig. 4. — ^Principles of Gear-teeth Curves, 



surfaces have a common point of contact 
(since they are traced simultaneously by 
the same point), and the common nor- 
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mal. at that point of contact passes 
thix)iigh. the point of contact of the pitch 
circles. 

Suppose a gear of greater diameter 
than A is wanted which will mesh equally 
well with 0, the form of its teeth may be 
determined by the same circle E, A 
point on the periphery of this latter will, 
however, no longer trace a radius of the 
circle in which it is rolled, but a hypocy- 
cloidal curve such as 5F6, in Fig. 5, 
which wiU be the proper form of tooth to 
mesh with the epicycloidal tooth DFH, 
traced by the same point, on wheel 0. 
That the common normal to the two 
curves at the point of contact, such as F, 
will pass through C, the point of contact 
of the pitch circles, is evident when one 
remembers that any cycloidal curve may 
be considered as made up of a series of 
infinitesimal arcs of circles, the momen- 
tary centers of which are the successive 
points of contact of the rolling circle and 
the line on which it rolls . Therefore both 
curves at F coincide with an arc whose 
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center is C, and the radius CF is the com- 
mon normal. Of course, ordinarily gears 
have both epicycloidal faces and hypo- 
cycloidal flanks, so that they may be 




Fig. 5. — ^Principles of Gear-teeth Curves. 

used indiscriminately as the driver or as 
the driven wheel. 

The other form of tooth in common use 
is the involute, which curve is traced by 
a point on a string, which is kept taut as 
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it is unwound from the periphery of a 
circle. This is the same thing as though 
the tracing point were on a tangent line 
which rocked around the periphery. 
Thus in Fig. 6, considering the circle A 
only for the moment, the point L, which 
traces the involute LF on the circle A 
may equally well be considered as on a 
string MQL, which is wrapped around 
the circumference, or as on a tangent line 
SQL J which is rocked around the circum- 
ference. In either case the tangent point 
Q is the momentary center of the involute 
curve at L, which, like cycloidal curves, 
may be considered as made up of infinite- 
ly short circular arcs, the centers of which 
are the successive points of contact of the 
rolling line with the circle. Indeed the 
involute is a limiting case of epicycloid, 
the diameter of the rolling circle having 
become infinite and its periphery conse- 
quently a straight line. 

It is also true that the relative motion 
of the tangent line and the circle is the 
same in the three following cases: 
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First — If the circle is held stationary 
and the line is rocked around it. 

Second — ^If the line is held stationary 
and the circle is rolled upon it; and 




Fig. 6. — ^Principles of Gear-teeth Curves. 

Third — ^If the circle is rotated about a 
fixed center and the line is moved in the 
direction of its length at the same linear 
velocity as the periphery of the circle. 
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If this does not appear obvious at first 
glance, consider a rack and pinion in mesh. 
Clearly the action between them is 
unchanged whether the pinion is station- 
ary and the rack swung around it or the 
rack stationary and the pinion rolled 
upon it, or the pinion rotated and the 
rack moved longitudinally. 

Owing to the fact that the same rela- 
tive movements serve for the describing 
of a cycloid, it is not perfectly easy to see 
that the second and third cases serve for 
the describing of an involute just as well 
as the first. This is because the circle is 
moving and the involute to it cannot be 
drawn upon the stationary plane of the 
paper. It must be remembered that the 
tracing point of the cycloid is on the circle 
and that the tracing point for the invo- 
lute is on the line; also that a single 
point can trace two or more curves simul- 
taneously upon two or more planes which 
coincide in space, but one or more of 
which has a movement of rotation or 
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translation, or of both rotation and trans- 
' lation together. 

That the involute will be traced in 
space whether the tangent line is rocked 
around the circle or the circle rolled along 
the line can be easily proved by analyti- 
cal geometry, and the following demon- 
stration is offered as being of possible 
interest to some (see Fig. 7) : In the left 
hand figure Lf7 is a portion of the invo- 
lute to the circle OUi of radius r, traced 
by the point L when the tangent line LW 
has been rocked to the position 17Q, in 
which it makes an angle 6 with its first 
position. The co-ordinates of the point 
U with references to the axes X and Y, 
with origin at the center of the circle, 
are as follows: 

TV^ON^r cos QON=^r sin ^, because 
20N is the complementary angle to OQN, 
which is equal to LSU (d), their sides 
being at right angles to each other; and 
[77= UQ cos <9, because QUV=LSU (<9), 
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being opposite internal angles; UQ= 
the arc LQ, because each consecutive 
point of the line and arc have been in 
contact as the line rolled from its orig- 
inal position LW to its present position 
UQf therefore UQ=r d since that is the 
measure of the arc LQ, and the angle 
LOQ=LSU (d), their sides being at right 
angles, hence 

UV=rd cos d, 
and 

x=r sin d—r d cos d. 

Considering y as positive, as will also be 
done in the second case, 

y=MP+PU 

MP=NQ=r cosd 
and 

PU=QV=UQ sind^r d smd, 

hence 

2/=r cosd+rd sind 
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In the right hand figure the line re- 
mains stationary and the circle rolls. 
We want to prove that a stationary point 
on the line will trace the involute to the 
rolling circle. The plane on which the 
involute is traced moves with the circle, 
consequently the equation of the involute 
will be given by the co-ordinates of the 
tracing point with reference to axes 
which move with the circle. 

L is the tracing point and X'F' the 
position of the axes X and Y after the 
circle has been turned through an angle 
d which, since there is no slip between the 
circle and line, has carried it from the 
dotted line position to the full line posi- 
tion, the distance between the two posi- 
tions being obviously equal to rO. The 
co-ordinates of the point L with reference 
to the axes X^Y' are then 

x=EL==EF-LF, 

EF=0'B=r sine, 
and 

LF^LD cos d^rd cos d, 
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hence 



«~r sin d^rO cos 6. 

y^AC+CL, 
AC=^BD^rcoad, 



and 



CL^DF^LD sin e = r sin 0, 

hence 

2/=r cos O+rO sin 0, 

which proves the proposition, since the co- 
ordinates of the stationary tracing point 
with reference to the axes of the rolling 
circle are the same as the equation of the 
involute with reference to the axes of the 
stationary circle. 

The involute forms both the faces and 
flanks of the teeth, which enables a pair 
of gears with this form of teeth to possess 
the valuable property of meshing equally 
well when the distance between their cen- 
ters is increased over the sum of the pitch 
circle radii . In other words , they have no 
definite pitch circle diameters aside from 
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those determined by the ratio of their 
angular velocities, which of course de- 
pends upon the number of teeth. The 
involutes are not drawn to the pitch 
circles, that is, to the imaginary smooth 
surfaces which would transmit the same 
angular velocities, because then depres- 
sions or spaces inside the pitch surfaces 
would have to be provided, and all the 
advantage incident to the use of involute 
teeth would be lost, as the teeth would 
then be double-curved, like epicycloidal 
teeth, and the center distance could not 
vary, but they are drawn to concentric 
circles of less diameter than the pitch 
circles. The diameter of one of these 
circles may be chosen arbitrarily, which 
determines the diameter for the other 
gear of the pair, or set. 

Turning back now to Fig. 6, the circles 
which touch each other at the point D 
represent the imaginary smooth surfaces 
whose relative angular velocity the gears 
are to maintain; in other words, they are 
the pitch circles. 
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AQ is a line drawn at an arbitrarily 
chosen acute angle a to the line of centers 
AOy and DQ is the perpendicular from D 
to AQ, OP is the perpendicular from 
the center of the other pitch circle to 
QD produced. The circles described with 
radii AQ and OP are the base circles of the 
involutes, andPQ is their common tangent. 

Now if both circles are rotated at equal 
peripheral speed in opposite directions 
the tangent PQ will move at the same 
speed in the direction of its length, and a 
point such as L will simultaneously trace 
the involutes FLH and NLE to circles 
AQ and OP^ respectively. The same 
thing takes place when PL and LQ are 
considered as portions of strings wound 
around their respective circles, and with 
their ends meeting at L. The involute 
NLE would be traced by winding PL 
back on circle OP and involute HLF by 
winding QL back on AQ, 

These involutes will fulfill the require- 
ments for mating tooth surfaces, because, 
first, they have a common normal LQ at 
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their point of contact^ and, second, the 
common normal intersects the line of cen- 
ters at the point of contact of the pitch 
circles. 

As the angle a may be chosen arbi- 
trarily, an infinite number of involutes 
can theoretically be drawn that will ful- 
fill the conditions, but experience has 
determined the most efl&cient size to give 
to that angle. It is, however, the com- 
plementary angle ADQ which the tangent 
to the base circles makes with the line of 
centers which is determined upon. This 
angle is called the angle of pressure, since 
it is along the common normal that the 
force exerted to rotate the driven wheel 
acts, and for an interchangeable set of 
gears is taken as 75 or 75^ degrees. A 
more obtuse angle would tend to reduce 
the height of the teeth too much, and a 
more acute angle would cause the thrust 
component of the force to become incon- 
veniently great; t.e., the force acting 
to separate the gears along the line of 
centers, which component also causes 
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sliding movement between the tooth 
surfaces. This angle is frequently stated 
in terms of its complement which is com- 
monly called the angle of obliquity. 
WDliam Sellers & Company use an angle 
of obliquity of 20 degrees, and Wilfred 
Lewis considers tliat this could be ad- 
vantageously increased to 22^ degrees. 
The advantage of the larger angles of 
obliquity (smaller angles of pressure) is 
that they overcome interference of the 
teeth of low numbered pinions when 
working with high numbered gears. 

Formerly gears with involute teeth 
were looked upon with disfavor, be- 
cause it was thought that the pressure 
upon the bearings was much greater than 
with epicycloidal gears, but by experi- 
ment and actual experience this has been 
proved to be a fallacy, the pressure being 
hardly perceptibly greater when the 
angle of pressure is not more acute than 
75 degrees, and involute gears are largely 
superseding the epicycloidal, or, more 
correctly, cycloidal gearing. 



CHAPTER II. 

THE FORMATION OF GEAR TEETH. 

Having now briefly sketched the man- 
ner in which the forms for the teeth are 
determined, the next question is how to 
put the theory into practice; in other 
words, to investigate the actual machines 
which have been designed and built to 
cut epicycloidal or involute gears. 

The direct application of geometry to 
the problem of the action of gear teeth 
was shown in 1675 by M. de Roemer and 
in 1695 by M. de la Hire, followed in the 
first half of the eighteenth century by M. 
de Lalande and M. Camus, all four French 
mathematicians and scientists, but it is 
only within the last fifty years that gear- 
cutting by machinery has been at all com- 
mon and within the last twenty years or 
thereabouts that generating machines 

proper have come into use. The bicycle 
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fever was responsible for the invention 
during the last decade of the nineteenth 
century of a considerable number of gen- 
erating machines designed especially for 
the manufacture in large numbers of very 
accurate bevel gears. 

The necessity of shaping the teeth of 
wheels according to the principles of 
geometry seems to have been first appre- 
ciated by watch and clockmakers. A 
number of works on horology published 
50 to 100 or more years ago contain chap- 
ters devoted to the theory of gear teeth, 
and it appears that the first actual em- 
bodiment of the generating principle in 
a machine was for the purpose of finish- 
ing the teeth of watch wheels, as will be 
seen later. Since gears have been made 
by cutting the problem of correctly 
shaping the teeth has been met in three 
ways: 

First — By causing a formed cutter to 
so move relatively to the blank as to cut 
a groove of the same cross-sectional shape 
as the cutter, the sides of which groove 
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are the adjacent sides of two adjacent 
teeth. This method is the one in com- 
mon use for cutting spur-gears. 

Second — By causing the cutter to repro- 
duce in the blank the shape of a previous- 
ly formed templet, or master-tooth. 
This was the only method of cutting 
theoretically correct bevel gear teeth 
until generating machines were invented. 

Third — ^By causing the tool to generate 
the tooth curves by its motion relatively 
to the blank. This method is applicable 
to the production of spur, spiral and bevel 
gearing, but is more particularly useful 
in the cutting of bevel gears. 

The first two methods involve the pre- 
liminary formation of a templet, in one 
case to be used in the gear-cutting opera- 
tion and in the other to give the correct 
contour to the formed cutter, the tem- 
plet being used in a pantographic milling 
machine, so that the accuracy of the 
gears made by both these methods 
depends upon the correctness of a tem- 
plet. These may be, and formerly were 
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always, shaped by hand, but now it is 
usual to employ generating machines to 
form the templets, to certain of which 
reference will be made again later. 

While very accurate teeth can be made 
by these methods, they are not as simple 
nor as beautiful in principle as the third 
method, which does not require the pre- 
liminary formation of any templet, yet 
which produces teeth so accurate that 
any greater refinement would be wasted, 
because the rest of the machine in which 
such a gear was used would not be accu- 
rate enough to warrant it. 

As the title indicates, this review treats 
only of machines working on the third or 
(generating principle, which machines, 
however, will not be described in detail, 
since we are here only concerned w4th 
motions and not with forces. It is the 
intention to show, after some general 
explanation of how the theory outlined 
above may be put into practice, only the 
mode of oper^ion of the machines; in 
other words, how the relative motions 
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of tool and blank, which are essential 
to produce the true tooth-curves, are 
obtained. 

Descriptions and illustrations of sev- 
eral of the more recent machines have 
appeared separately in the American 
Machinist, and when such is the case 
reference to the date of the issue con- 
taining such description will be made. 

Mr. George B. Grant, in an article in 
the American Machinist for June 7, 1894, 
defined the verb 'Ho generate" as 'Ho 
form by virtue of the principle of opera- 
tion of the machine rather than to form 
a copy of a previously formed templet 
or cutter." The term must be restricted 
in its use to the operation of mechanism 
which produces surfaces which are nei- 
ther planes nor surfaces of revolution; 
otherwise the above definition would be 
broad enough to cover ordinary turning 
and planing. Applied to gear generating 
machines, it of course means giving the 
tool such a motion relatively to the blank 
as will cause it to correctly shape teeth 
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thereon, the shape of the cutter not being 
that of the spaces formed nor any tem- 
plet being employed. 

Referring to the methods described 
above of laying out or tracing cycloidal 
and involute curves, it will be evident 
that tooth surfaces of those forms can be 
produced by giving the point of a tool the 
same relative motions to the pitch circles 
as the tracing points have, and in addi- 
tion a cutting movement perpendicular 
to the plane of those circles. For exam- 
ple, the point of a tool reciprocated along 
an element of a cylinder that was being 
rolled at a relatively slow rate on the 
surface of another cylinder would gener- 
ate an epicycloidal surface, such as 
ABCD in Fig. 8. If the small cylinder 
were rolled inside the large one the ele- 
ment would evidently generate a hypo- 
cycloidal surface. Also, if a plane were 
rocked on the pitch surface, a cutting 
point reciprocated along a line in the 
plane parallel to the axis of the pitch 
surface would generate an involute sur- 



39 



face, as EFGH in Fig. 9. The pitch and 
rolling cylinders are replaced by cones 
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when the teeth of bevel gears are to be 
cut. 
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To this way of shaping the teeth the 
writer has given the name of ''the de- 




seiibing method/' since the curved sur- 
faces are generated by the cutter point 
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working in three dimensions exactly as 
the pencil point describes the curves in 
a plane. There is another method of 
generating gear teeth which I call ^'the 
intermeshing method," and its theory of 
action can be readily understood, even 
without any knowledge of the geometry 
of the tooth curves. 

Suppose a wheel of some hard material 
having a boss or projection at one point 
on its periphery is rolled against the peri- 
phery of a second wheel of plastic materi- 
al or heated to a plastic condition. A 
depression will be formed in the periphery 
of the second wheel, the shape of which 
will evidently depend on that of the pro- 
jection; in other words, it will be ''con- 
jugate" to it. In Fig. 10 is represented 
the formation of conjugate depressions 
by a series of projections. This must be 
true whatever the form of the projection, 
and if we gave it that of a gear tooth, 
suitable to transmit miiform motion, such 
as one of the two forms in common use, 
epicycloidal or involute, the depression 
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in the second wheel will be correspond- 
ingly or rather ''conjugately" shaped, 
so that together they will form a perfect 
pair of mating teeth. In the same way 
a complete gear could be formed by- 
using a complete gear as the generator. 




Fig. 10 — Principle of the Molding Process. 

provided the periphery of the blank is 
divisible by the circular pitch, or dis- 
tance between similar i)oints on two ad- 
jacent teeth of the generating gear. In 
order that the gear so formed may be 
used as a driver it must of course have 
projections as well as depressions, that 
is, considering its original diameter as 
that of the pitch circle, so that the gener- 
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ating gear should have depressions of the 
proper form between its teeth, into which 
the metal of the blank, supposing it to be 
sufficiently plastic, would be forced by 
the pressure of the adjacent teeth. Or 
if the gears are rotated by outside means, 
as if their pitch circles were in contact, 
then the blank may have an outside 
diameter equal to that of the ^^ addenda" 
circle of the finished gear, or over all 
dimensions to the top of the teeth. 

This process is known as the '^molding 
process," and is disclosed in a United 
States patent of 1872 granted to John 
Comly, of New York. Unfortunately 
it is not practicable; if it were gear 
cutting machines would have to be 
put out of conmiission, since it would 
easily be the simplest and quickest way 
to make gears. The principle underly- 
ing it, however, the first announcement 
of which antedates the Comly patent by 
over twenty years, can be and is em- 
ployed in the generation of gear teeth. 
This principle may be stated as the form- 



44 



ing of conjugate teeth on a gear-blank by 
running it in mesh with a gear; hence 
the name "intermeshing." It is only 
necessary, as with the describing method, 
to give the tool an additional cutting 
movement at right angles to a normal 
section of the tooth, the relatively slow 
or intermittent intermeshing movement 
being maintained, in order to cut out 
teeth in the form they would have if 
made by the molding process unmodi- 
fied. The cutter need not of course be 
a complete gear; it may represent only 
one tooth of the generating gear, or even 
merely one side of a tooth, but in the two 
latter cases indexing mechanism must be 
provided to bring successive portions of 
the periphery of the blank into relative 
position to the cutter. The additional 
cutting movement of the tool may be 
rotary instead of reciprocatory, or it may 
consist of both, as where a rotating cutter 
is fed across the face of the blank. 

The principle remaining the same 
whatever the size of the generating gear, 
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it is evident that the cutter or cutters 
may represent the side or sides of a tooth 
or teeth of a rack, and there are certain 
advantages gained thereby which have 
caused the rack-tooth form of generating 
cutter to be frequently employed by 
inventors of machines using the inter- 
meshing method. The principle advan- 
tage is that by its use a complete set of 
interchangeable gears can be made that 
will mesh perfectly with each other. This 
theory, applied to the laying out of tem- 
plets, was first announced and discussed 
in a treatise published in 1850, the au- 
thor being an Englishman of the name of 
Edward Sang, and is known as ''the 
Sang theory." 

The reason that the rack-tooth cutter 
is essential to the generation of a set of 
interchangeable gears is that a generator 
cutter in the form of a gear cuts out only 
just enough clearance at the roots of the 
teeth to enable it to pass, so that that 
gear when finished will not run properly 
with any others of the same set which 
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are larger in diameter than the generator. 
The fillets could of course be reduced by 
filing, or, as is done by one inventor, by 
increasing the height of the teeth of the 
generator from the pitch circle out- 
wardly. 

Another advantage obtained by the use 
of the rack tooth lies in the fact that in 
the involute system it has plane sides, 
which are easy to form accurately, while 
if an involute or epicycloidal gear tooth 
be used as the generator a generating 
machine must be used to form it accur- 
ately. 

The Sang theory can easily be tested 
experimentally by taking a board having 
a straight edge to represent the pitch sur- 
face of the rack, and attaching to it so as 
to protrude over the straight edge a paste- 
board or thin sheet metal templet of the 
form of an involute rack tooth, leaving a 
space under the templet a little way in 
from the straight edge, so as to provide 
room for the disk representing the adden- 
dum circle of the mating gear to pass. 
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The involute rack tooth is a truncated 
wedge, with sides at about 75 degrees to 
the straight line forming the end of the 
tooth. The pitch circle of the mating 
gear is represented by a disk of wood or 
other suitable material of the same thick- 
ness as the board, to which is pasted a 
segment of thick paper to represent the 
outside diameter of the gear teeth . Then 
roll the disk without slip on the straight 
edge and repeatedly scribe around the 
templet on the protruding segment. A 
number of successive positions of the 
rack tooth relatively to a gear blank of 
the diameter chosen will thus be deter- 
mined, and by drawing the curves or 
''envelopes" enclosing all these positions 
the proper form for the conjugate teeth 
will be obtained. A neat device of this 
kind, where two gears were, however, 
represented instead of a gear and a rack, 
was illustrated in the American Machine 
i8t at page 176, vol. 23. The accom- 
panying sketches (see Fig. 11), taken 
from a patent for an involute - curve 
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shaping-machine, described hereinafter, 
illustrate, reading from left to right, the 
successive relative positions of the rack 
and gear teeth. 

When an interchangeable set of bevel 
gears are to be formed by the intermesh- 
ing method and Sang theory, the tool 
should represent a tooth of a crown gear, 
since that is the limiting form for bevel 
gears, as the rack is for spur gears. 
Although the sides of a crown gear tooth 
of the involute system are not strictly 
plane surfaces, as are those of the involute 
rack tooth, it may be assumed that they 
are and a cutter be used to generate 
bevel gear-teeth, which has the shape of 
the rack tooth instead of that of a com- 
mon gear. This assumption results in 
the formation of so-called ^'octoid" teeth 
on the bevel gear, which are very similar 
to true involutes and work just as well. 
As stated bv Mr. Grant in his treatise, the 
line of action of a pair of octoid teeth on 
the normal spherical surface is not a great 
circle of the sphere, as in the case of invo- 
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lute teeth, but makes a figure resembling 
a double loop or figure 8, hence the 
name. 

Owing to the diflBculty of producing 
accurate bevel gears by ordinary methods 
the generating method is particularly 
suited to this kind of gear. Most of the 
more recent generating machines are 
designed especially for bevel gear work, 
and most of them form '^octoid'' teeth; 
in, fact, along those lines appears to lie 
the trend of development of the art. 

Having thus outlined the principles of 
operation of machines using the describ- 
ing method and those of machines using 
the intermeshing method, we will consider 
a class of machines the mode of opera- 
tion of which may be considered as in- 
volving either or both methods, viz., 
those for generating gears to drive a 
''pin wheel" or ''lantern gear," that is, 
a gear having teeth of the form of cylin- 
drical pins or staves arranged parallel to 
its axis, the axis of the pins all lying in 
the imaginary pitch surface. 
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Suppose, first, that these pins were of 
infinitely small diameter, that is, mere 
points on the pitch circle, considering an 
end elevation. The pitch diameter of 
the gear which is to drive the pin gear 
being chosen, the proper form of teeth 
which it should have will be determined 
by the curve traced by one of the points 
when the pitch circle of the pin gear is 
rolled on the pitch circle of the gear to be 
formed, which will be of course an epi- 
cycloid. So far the describing method 
has been employed. Since the pins 
must have a sensible diameter, if the 
points on the pitch circle of the pin gear 
are replaced by small circles of the diam- 
eter of the pins and the same operation 
repeated the tooth outline formed will 
be a parallel epicycloid to the first at a 
normal distance from it, equal to the 
radius of the pin. Obviously also a 
clearance curve will be formed inside 
the pitch circle of a depth equal to the 
radius of the pin. Supposing the pin cir- 
cle to represent a rotating milling cutter, 
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it is evident that the proper form of tooth 
ean be milled out, which would be an 
instance of the employment of the inter- 
meshing method. 



CHAPTER III. 

THE FIRST GENERATING MACHINES. 

The second earliest generating machine 
of which any record has been found was 
of the* type last described, and is 
illustrated in Fig. 12, which was taken 
from the Mechanics' Magazine, of Lon- 
don, for January, 1849. The inventor 
was F. Bashworth, Esq., of St. John's 
College, Cambridge. There is no evidence 
to show that he actually built a machine 
or a working model. The operation is 
precisely that described above; E is 
the milling cutter, F the gear teeth being 
shaped, A and B friction wheels of 
diameters equal to the pitch circle 
diameters of the pin gear and gear being 
shaped respectively. At C are repre- 
sented bands to prevent slip between 

the friction wheels. The small figure on 
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the upper right-hand comer illustrates 
the describing of epicycloids by a point 
on the pitch circle of the pin gear, and 
that on the lower left-hand side the de- 





FiQ. 12. — Bashworth's Gear Generating 

Machine. 



scribing of epicycloids when the point is 
replaced by a circle; or, looking at it 
another way, the generation of conjugate 
teeth by the intermeshing method. The 
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lower central view shows the actual fonn 
of the teeth as used m practice, only 
very short parts of the epicycloids being 
employed. 

The only description of a generating 
machine which antedates that of Mr. 
Bashworth's was found in the appendix 
to the 1842 edition of Hawkins' transla- 
tion of Camus' treatise on the teeth of 
wheels. The generating engine described 
was, as will be seen, of American inven- 
tion, and was designed to shape the teeth 
of watch wheels. 

Since no illustration of it accompanied 
the description, the writer has attempted 
to show in Fig. 13 what the arrangement 
of parts must have been. 

The quotation is as follows: 

"Mr. Saxton, of Philadelphia, now in 
London, who is justly celebrated for his 
excessively acute feeling of the nature 
and value of accuracy in mechanism, 
and who is reported not to be excelled 
by man in Europe or America for 
exquisite nicety of workmanship, made 
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Fig. 13. — Saxton's dear Generating Machin< 

1840, 
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Fig. 13. — Saxton's Gear Generating Machine — 

1810. 
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in Philadelphia an instrument for cut- 
ting the teeth of watch wheels, truly 
epicycloidal; or, rather, for curvmg 
them after they were cut down in the 
ordinary manner with radial faces. The 
following is his verbal description of this 
instrument: 

''The wheel to be rounded being put 
on a vertical arbor, another arbor stands 
parallel to the first, carrying on a third but 
horizontal arbor a steel wheel file cut on 
the plane side, which plane side lies in a 
vertical plane passing through the axis 
of its vertical arbor. On the arbor of 
the wheel to be rounded is a circular plate 
equal in diameter to the primitive circle 
of that wheel. The edge of the plate is 
milled into teeth as fine as possible. This 
plate forms the base of the epicycloid. 
On the other vertical arbor is a similar 
plate, but equal in diameter to the radius 
of the primitive circle of the wheel to be 
engaged with that about to be rounded. 
This plate is the generating circle. 

''In working this instrument the flat- 
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sided cutter is brought in contact with 
the side of the tooth to be rounded, the 
axis of the two vertical arbors, the face 
of the cutter and the line of the tooth all 
lying in one vertical plane. The cutter 
being set into rapid motion by a band, 
the generating circle is rolled around the 
base, and thus one side of the tooth is 
rounded in a truly epicycloidal curve of 
the required dimensions. 

^*Upon this plan epicycloidal teeth of 
any magnitude might be cut with great 
expedition." 

This machine presents the identical 
conditions of the first concrete case con- 
sidered above, since the teeth formed 
have radial flanks and epicycloidal faces. 
The rolling or describing circle which 
determines the form of the tooth faces is 
equal in diameter to the radius of the 
pitch circle of the gear with which the 
gear being shaped is to mesh ; hence those 
epicycloidal faces will mesh correctly 
with the radial flanks of that gear. More- 
over, since the plane active face of the 



60 



cutter represents one of those flanks and 
is given the exact motion which it would 
have when driven by one of the tooth 
faces being formed, the machine is an 
instance of the use of the intermeshing 
method, where the flanks of the teeth of 
one gear form conjugate faces on the 
teeth of another. 

Attention may be here called to the 
fact that the action of a hob in cutting a 
spur gear or worm wheel and that of a 
tool in the lathe cutting a thread involve 
the intermeshing generating principle. 
The following definition of the mode of 
operation of gear-generating machines of 
this type will be seen to be broad enough 
to include all forms of machines for cut- 
ting helical gearing. 

Those machines for forming toothed 
gearing, in which a tool, shaped in normal 
section like a tooth of a gear with w^hich 
the one being formed will mesh, has the 
same motion relatively to the blank as 
that tooth will have when in engagement 
with the teeth of the finished gear, either 
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with or without an additional cutting 
movement. This subject — i, e., the 
analogy between thread-cutting and 
gear-generating, will be considered again 
a little further on in connection with 
the description of a machine for planing 
spiral gears which was patented in 1894, 
and which serves as a sort of *' missing 
link" to clearly show the identity of 
principle. 

It would make this chapter entirely too 
long to include descriptions of the vari- 
ous machines for cutting helical gearing, 
and it would be quite unnecessary, since 
all machinists and others who will read 
this article are doubtless familiar with 
their operation. Considered, as I think 
they must be, as coming under the gen- 
eral head of gear-tooth generating ma- 
chines of the intermeshing type, they of 
course antedate the spur-gear generating 
machines described above by centuries, 
I suppose. The worm-wheel bobbing 
machine patented by Sir Joseph Whit- 
worth in 1835, an illustration of which 
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accompanied a letter from Mr. Grant in 
the American Machinist for August 4, 
1888, is, I believe, the first instance of 
the intermeshing method employed to 
cut gear teeth, as contrasted with screw 
threads. Another early example^ is the 
machine for cutting the Hindey worm, 
the exact date of which I do not know, 
but which is described and shown in 
Willis' ''Principles of Mechanism," Lon- 
don, 1841, at page 164. In 1850 Pro- 
fessor Schiele took out a British patent 
for a machine for cutting the teeth of 
spur gears with a hob, the blank and the 
hob being geared together to rotate at 
the proper ratio. Francis H. Richards, 
Esq., informed the writer that the opera- 
tiveness of such a machine for the pur- 
pose described was generally doubted, but 
that he tested the method on a Pratt & 
Whitney gear cutter and found that it 
worked perfectly, and that he has the 
gear that was made still in his possession. 
The Swiss device for finishing watch 
wheels described by Mr. Haschka in a 
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letter published in the American Machin- 
ist at page 364, vol. 22, which he states 
was invented about forty years before by 
Pierre Ingold, of Biel, is an example of 
the intermeshing method, which is a very 
close approximation to the ''molding 
process." The tool used was like a spur 
gear, having file surfaces on its teeth, 
and was run in mesh with the wheel to 
be finished. A different cutter would be 
necessary for each different pitch. 

The extreme simplicity of the essen- 
tial mechanism of machines using a hob- 
like cutter to cut gear teeth by the inter- 
meshing method is well shown in a patent 
granted in 1871 to Henry Belfield, of 
Philadelphia, the drawing of which is 
reproduced in Fig. 4. B is the cutter 
and D the blank pivoted on a slide rest 
at b. The threads of the cutter act to 
feed the blank, while its cutting edges 
formed by the transverse grooves cut 
the conjugate teeth on the blank. 

Thus far the machines described have 
all involved the intermeshing method, 
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but from this time on until 1884 all the 
machines of which record has been found 
woik according to the describing method. 
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It will, however, be noticed that in many 
instances, whether a machine works 
according to the one or the other method. 
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depends solely on the shape of the tool 
used ; that is to say, whether the cutting 
edge is a point or as near to a point as 
practical considerations will permit, or 
whether the cutting edge represents the 
side of a tooth of a mating rack or gear. 
The relative motions are often identical, 
as where an involute is traced by a point 
on a line along which the base circle of 
the blank is rolled, for instance. The 
motion in that case is the same as that 
between a rack tooth and a gear, so that 
a machine using a cutting point, and 
therefore belonging to the describing 
type, would become an example of the 
intermeshing type if a tool shaped like a 
rack tooth were usod. In epicycloidal 
machines the difference is more marked, 
since by the describing method the faces 
of the teeth only can be shaped by rollhig 
the imaginary circle containing the point 
of the tool on the pitch circle of the blank, 
a different arrangement being necessary 
for cutting the hypocycloidal^ flanks. 
If, however, a cutter of the shape of an 
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epicycloidal tooth be substituted for the 
cutting point, then both faces and. flanks 
can be finished at one setting. The 
imaginary rolling circle becomes in that 
case the pitch circle of a mating gear? 
but the relative motions of the two circles 
are the same whichever method is em- 
ployed. 

In 1859 an English patent for a ma- 
chine using the describing method was 
taken out by two machinists of Leeds, 
John Lawson and Stephen Cotton. The 
general arrangement of this machine is 
sketched in Fig. 15, in which B is the 
vertically reciprocating tool-bar carry- 
ing the tool Ty and supported adjustably 
on the crossrail F, which is rotatable in 
a horizontal plane, the ends being toothed 
to engage the worms W and guided in 
curved ways on the top of the uprights 
U. The worm shafts are geared together 
to rotate in unison and are connected by 
the train of change gears L with the 
shaft K for rotating the blank G. The 
two dotted circles in the plan view 
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represent the pitch circle of the blank 
and a rolling or describing circle respec- 
tively. To plane the tooth faces the 
cutting point is set at the point of con- 
tact of the two circles, and then the 
blank and crossrail are rotated by a 
crank applied to one of the worm shafts, 
the gearing being proportioned to cause 
the two circles to turn at angular veloci- 
ties inversely proportional to their radii. 
For planing the flanks the operation is 
thus stated: '"The cutting point of the 
tool must be extended beyond the sur- 
face of the rolling arc the distance of the 
pitch circle from the bottom of the tooth." 
It is evident that this would not serve to 
form hypocycloidal flanks, since the 
describing circle is still rolled around on 
the outside of the pitch circle. A 
point attached to a circle rolling on 
another circle, which point is located 
beyond the periphery, traces a form of 
rolled curve called a *' curtate epitro- 
choid," which closely resembles the epi- 
cycloid traced by a point on the periph- 
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ery of the rolling circle in that part of it 
outside of the pitch circle, and forms a 




concave, U-shaped loop inside the pitch 
circle. 
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That this method of forming the 
flanks should be employed appears 
strange, when, by adjustments toward 
the axis of the oscillating head or cross- 
rail F of the tool-slide and blank, it 
would be perfectly practicable to give to 
the cutting-point of the tool the motion 
of a point on a describing circle rolled 
inside the pitch circle of the blank, which, 
as we have seen, is the necessary motion 
to describe the flanks of teeth suitable 
to mesh with faces described by a point 
of the same circle when rolled outside 
the pitch circle of a gear of the same set. 
The same machine can be used to cut 
the teeth of bevel-gears by adjusting the 
guides for the tool-bar at an angle cor- 
responding to the pitch-cone angle of the 
blank. The path of the tool then repre- 
sents an element of a cone rolling on a 
conical pitch surface, inistead of an ele- 
ment of a cylinder rolling on a cylindrical 
pitch surface. 

The next two contributions to the art 
are in the form of treatises, published in 
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the transactions of two German societies, 
in which are discussed the principles 
involved in the production of theoretic- 
ally correct gear-teeth, and which also 
describe and illustrate machines capable 
of carrying the principles into effect. 

The first of these was found in the 
"Zeitschrift des Vereins Deutscher Inge- 
nieure" for 1872. The author was 
E. Hagen-Tom, an engineer of St. Peters- 
burg, and he shows how to generate invo- 
lute teeth on both spur- and bevel-gears. 
He states that it was not his intention to 
furnish a complete plan of the machines 
with all details, but to show and state suf- 
ficient to enable any engineer to construct 
an operative machine. He proposed to 
use a shaper of the Whitworth type, and, 
for the generation of spur-gears, one in 
which the tool-holder had a lateral feed 
on the end of the ram. The two dia- 
granmiatic views of Fig. 16a, which is 
reproduced from the plate accompany- 
ing the article, illustrate the opera- 
tion in cutting spur-gears. It will be 
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seen, from the shape of the tool, that 
the describing method is employed, for 
the cutting-edges are mere points. 
The tool is reciprocated at right angles 




Fig. 16a. — ^Hagen-Tofti's Involute Tooth 
Generatoi-— 1872. 

to the plane of the blank and is fed later- 
ally in the direction of the arrow, while 
the blank is rotated in the same direction 
with an equal linear velocity of pitch sur- 
face, the term pitch being used here for 
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the imaginary surface on which the invo- 
lutes are formed, which, as pointed out 
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Fig. 166.— Hagen-Tom's Involute Tooth 
Generator— 1872. 

before, is less in diameter than the pitch 
surface proper. The motion, therefore, of 
the cutting point relatively to the surface 
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is the same as that of a point of a tangent 
line which is rocked around the circle. 

The tool may have two cutting points, 
a and n, and the width of the end an may 
be equal to the width pm of the tooth 
space at the pitch surface, so that after 
planing the face nm of a tooth from the 
top to the bottom, the feed being contin- 
ued in the same direction, the corner a 
will plane the face pq of the next tooth 
from the pitch circle out to the top of the 
tooth. 

After the space nmpq has been planed 
out in this way the machine is stopped, 
and can then be adjusted for the cutting 
of the next space in either one of two 
ways. If the spaces have been marked 
out on the outside periphery, then the 
tool and work are brought by hand into 
the position of the lower of the diagram- 
matic views, whereby the necessity of 
an idle return is obviated. Then the 
machine is reversed, so that the second 
space is cut during the return movement, 
as indicated by the arrow in said view. 
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According to the second method, the 
spaces do not have to be marked out, 
but the machine must be provided with 
an index-plate; so that the operation is, 
after one space has been cut, to return 
the tool and blank to their first position 
and then index the blank for the next 
space. For wheels of different diameter 
the ratio of movement must naturally be 
changed. For larger wheels, the author 
states, a vertical slotting machine is 
more convenient. 

When bevel-gears are to be cut the 
problem is more complicated. The blank 
must be given a motion as if its conical 
pitch surface were rolling upon a plane, 
the apex point remaining stationary on 
the plane where the vertical axis around 
which the conical surface rolls meets 
the plane. Fig. 166 illustrates a ma- 
chine for cutting bevel-gears, in which 
C represents an end view of the shaper 
ram guide and B the tool reciprocat- 
ing on line Sp. The blank D must be 
given motions of rotation and transla- 
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tion as if its pitch surface were rolling 
on the horizontal plane containing line 
Sp. This is accomplished by mount- 
ing the arbor in fixed bearings at S and 
0, supported on a swinging carrier H, 
with the pitch-cone apex at the point 
S. The carrier is turned about the ver- 
tical axis ST by means of the segment 
and worm w. The motion of rotation is 
derived from that of translation by the 
engagement of the bevel-gear N on the 
blank arbor, with a stationary crown-gear 
segment M held on the standard G. For 
blanks of different pitch-cone angles the 
ratio between N and M must be changed. 
The planing commences at the outside 
periphery of the blank, working down 
towards the pitch circle. If the width 
at the point of the tool is equal to the 
width of the small end of a space at the 
pitch circle, then the second side of a 
space can be cut from the root up, but 
first the slide carrying the tool must be 
adjusted laterally the width of the tool 
end, and thus the second cutting corner 
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brought into line Sp. It will be noticed 
that, while the cutting comers of the 
tool describe the tooth curves, the ma- 
chine would serve equally well for the 
intermeshing method if the shape of the 
tool had been that of a crown-gear or 
rack-tooth. 

The other treatise is by Professor Her- 
mann, of Aix, and appeared in the " Ver- 
handlungen des Vereins zur Beforder- 
ung des Gewerbfleisses in Preussen'' 
(Transactions of the Society for the Pro- 
motion of Industry in Prussia) for 1877. 
In it the author first discussed very fully 
the theory of gear-teeth, and then showed 
how machine tools in use could be modi- 
fied to adapt them to generate cycloidal 
and involute teeth on spur, bevel, or 
hyperboloidal gears. The accompany- 
ing sketches. Figs. 17 to 21, are copied 
from the illustrations of the article, and 
will serve to show how Professor Her- 
maan proposed to obtain the relative 
movements of the cutter and blank for 
each form of tooth. Thus Fig. 17 is e 
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representation of a shaper provided with 
work supports capable of so presenting 
a spur-gear blank to the action of the 
tool that teeth having epicycloidal faces 
and hjrpocycloidal flanks may be planed 
out. 

The blank is set with its pitch surface 
of radius =r, tangent to the path M of 
the tool, and is given a motion by means 
of the two worms and worm-wheels, S 
and [/, as if its pitch surface were rolling 
on the surface of a describing cylinder of 
radius = c. This is accomplished by 
rotating the blank on its axis and at the 
same time swinging the carrier E around 
the axis ee, the angular velocities of the 
two rotations, which are fixed by the 
change gears shown in dotted lines, 
being, as in the case of the Lawson and 
Cotton machine, inversely proportional 
to the radii of the pitch and rolling circles, 
because the relative movement is un- 
changed by holding one circle stationary 
and rolling the other around it. 

Adjustments are provided for different 
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sized blanks and describing circles, and to 
plane the flanks the blank and tool are 
adjusted vertically until the line M is at 
a distance =c above the axis ee. The 
motion is then that of a circle rolling 
inside the pitch circle, the describing 
circle in this case being stationary and 
the pitch circle rolling on it. 

The next view. Fig. 18, shows a shaper 
arranged to plane involute teeth on spur- 
gears. Here the blank is given a motion 
as if its base circle of radius =r sin 75° 
(if r=the pitch circle radius and 75° = 
the angle of pressure chosen) were rolled 
on a horizontal plane in which lies the 
path M of the tool. This'motion is com- 
pounded of a rotation of the blank on its 
axis and a straight-line lateral feed of 
the carrier F. In this case the worm- 
wheel S is therefore geared to the feed- 
screw (?, which acts to slide the carrier. 
The length of the lateral feed must of 
course be equal to the arc on the base 
circle subtended by the angle through 
which the blank is simultaneously turned, 
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which depends, of course, upon the angle 
and the base circle radius. Thus if the 
angle = 30® and the radius = 6", the lateral 

Qf) 1 

feed=^^X2;rX6=^X37.68=3.14". 

For large gears the author proposed to 
use a vertical slotting machine, such as 
illustrated in Fig. 19. The change gears 
shown by dotted lines connect the worms 
of the worm-wheels S and U, as in the 
first shaper described above, the result 
being that epicycloidal teeth are planed 
out. For involute teeth the feed-screw 
G and worm-wheel S would be connected. 
The relative motions are precisely the 
same as in the shapers, only in a hori- 
zontal instead of a vertical plane; that 
is, for the epicycloidal surfaces the blank 
moves as though its pitch circle were 
rolling on the outside of a tracing circle 
whose axis is ee and radius the distance 
between axis ee and the path M of the 
tool, and for the hypocycloidal flanks the 
pitch circle surrounds and rolls with its 
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concave side on the periphery of the 
tracing circle. 

Fig. 20 illustrates diagrammatically 
the arrangement of the work support in 
a shaping machine for planing epicycloi- 
dal teeth on bevel-gears. Here, of course, 
the pitch surface is a cone and must be 
given a motion as if it were rolling on a 
cone. M is the path of the cutting point, 
as before; L is the pivot of the blank 
carrier H, in the vertical axis of which 
the apex of the cone is set; G is a sleeve 
rotatably mounted on the carrier and 
carrying the worm-wheel U and the 
blank-supporting quadrant Q as well. 
The axis C of the sleeve G makes with 
M an angle equal to the haK-angle at the 
apex of the tracing cone, and that be- 
tween the axis of the blank and M is the 
half-angle of the pitch cone. The worm- 
wheels U and S are connected together 
as before, and serve to roll the blank 
around the imaginary cone surface. The 
adjustment for cutting the flanks is simi- 
lar to that in the spur-gear shaper. 




dal Shaper for Bevel-gears— 1877. 
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Fig. 21 shows the arrangement when 
involute teeth are to be formed on bevel- 
gears, two of which appear in the draw- 
ing. Here, as in the Hagen-Torn ma- 
chine, the blank is given a rolling motion 
on a horizontal plane containing the path 
of the tool by a simultaneous swinging 
around a vertical axis passing through 
the cone apex and rotation around its 
own axis, the worm-wheel U in this case 
being fixed on the shaper frame, or knee, 
and the worm being suspended from the 
carrier Ey which swings around the bolt 
C, The remaining plate accompanying 
Professor Hermann's paper shows the 
arrangement for cutting involute teeth 
on hyperboloidal or ''skew ''-gears, which 
it would be useless to reproduce here 
imless the mathematical considerations 
were gone into, and it is not believed 
that it is worth while to take space for 
that, since such gears are not much used 
in practice. 

Fig. 22 illustrates in outline a machine 
built by C. Dengg & Co., of Vienna, 



patented in Aiistria in 1879, which gen- 
erates epicycloidal bevel-gear teeth also 




by the describing method. The blank B 
is support^ on a vertical axis and the 
tool-carrier C is moun+ed on trunnions. 
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whose axis passes through the cone-apex 
point of the blank. On this carrier is an 
angularly adjustable guideway D, on 
which the tool-holder is reciprocated/ 
power being transmitted from the driv- 
ing-shaft E through spiral gears F to per- 
mit the oscillation of the carrier. The 
carrier and blank-mandrel are connected 
by change gearing so as to rotate in uni- 
son. The path of the tool represents an 
element of the tracing cone, the axis of 
which is that of the carrier, which cone 
touches along a line the pitch cone of the 
blank. It is not stated how the flanks 
of the teeth are to be formed, and the 
machine could obviously not be used to 
plane hypocycloidal flanks, since the 
tracing cone cannot be arranged inside 
the pitch cone of the blank. 

Mention may here be made in passing 
of the epicycloidal milling engine in- 
vented by Mr. Ambrose Swasey and de- 
scribed in a little work by Prof. Mac- 
Cord, called ''The Teeth of Spur Wheels,^' 
published by Pratt & Whitney in 1881. 
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The same description may be found in 
the work on kinematics by the same 
author. This machine was designed to 
shape the templets used in the forming 
of rotary gear-cutters, and consequently 
does not strictly belong in the class of 
actual gear-generating machines which 
we are considering . The relative motions, 
however, of the tool and blank are neces- 
sarily the same as that of a gear-gener- 
ating machine using the describing 
method to produce epicycloidal teeth. 
A small cylindrical cutter was used 
which was carried around first by a disc 
rolled on the outside periphery of a ring 
representing a pitch circle, and then by 
another disc moving as if it were rolling 
on the inside of the same circle, the trans- 
fer from one disc to the other being made 
automatically. 



CHAPTER IV. 

AMERICAN GENERATING MACHINES. 

The first machine involving the Sang 
theory — that is, using a rack-tooth 
shaped cutter as the generator and 
employing the intermeshing method to 
produce interchangeable gears — was the 
invention of Mr. Hugo Bilgram, of 
Philadelphia, and was patented in 1884. 
It marked a distinct advance in the art, 
for the reasons stated above, and also 
because it produced a new form of bevel- 
gear tooth, the octoid ; the reason being, 
as has been said, that the tool, which 
represents a tooth of an involute crown- 
gear, is given the plane surfaces of an 
involute rack-tooth. A complete de- 
scription of this machine appeared in the 
American Machinist for May 9, 1885, and, 

for the purposes of this article, the accom- 
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panying plan and sectional elevation, 
Fig. 23, will be sufficient to show tho 
arrangement of parts and to make clear 
the operation. K represents the blank 
to which both motions of translation 
and rotation are given; that is to say, it 
is, in effect, rolled upon its conical pitch 
surface under and past the tool T, which 
is reciprocated by the ram B across the 
face of the blank. As the spaces between 
the teeth of a bevel-gear are tapering, 
one side of each tooth is finished first, 
the blank being indexed by the mechan- 
ism LPN, The tool can be adjusted 
laterally so as to bring the side at work 
into a radial plane of the pitch cone. 
The rolling motion is obtained by swing- 
ing the carrier C, on which the blank 
spindle / is adjustably supported in 
bearing H, around the vertical axis YYj 
in which lies also the apex of the pitch 
cone of the blank. This swinging move- 
ment causes a rotary movement of the 
blank on its axis by means of the two 
flexible steel-bands Q and Q\ which are 
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attached at one end to the frame and 
pass in opposite directions around the 
cone M on the blank spindle representing 
part of the pitch cone of the blank. The 
cones are reversed because they lie on 
opposite sides of the axis YY, 

It will be convenient to refer here to 
Mr. Bilgram's improved bevel-gear gener- 
ating machine, which was described in 
the American Machinist at page 114, 
vol. 25. The improvement consists in 
making the machine automatic, by pro- 
viding indexing mechanism which turns 
the blank between each stroke of the cut- 
ter, and a positive cutter-lifter to clear 
the tool on its back stroke, during which 
the indexing takes place. Thus the tool 
makes one cut in each space of the blank, 
and then the blank is "rolled'' slightly 
for the next series of cuts. 

A later improvement patented by Mr. 
Bilgram early in 1904 consists in slightly 
curving the tangential path of the tool 
relatively to the blank, the object being 
to relieve the teeth at the points and 
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near the bases, whereby they run more 
quietly at high speeds. 

Following the first Bilgram machine 
came one for generating spur-gear teeth, 
invented by Mr. Ambrose Swasey, the 
patent on which was granted in 1885, and 
which was described in the American Ma- 
chinist for November 13, 1890. This ma- 
chine also incorporated the Sang theory, 
but the application was quite different. 
Instead of one planing tool representing 
a crown-gear tooth, a gang of milling cut- 
ters, marked K in Fig. 24, are used, rep- 
resenting several teeth of a rack. The 
spur-gear blanks G are supported on a 
horizontal arbor, and the milling cutters . 
pass tangentially above the periphery of 
the blank which travels at the same linear 
speed, the motion being exactly that of a 
gear and rack in mesh. A lateral feed 
was naturally required to cause the 
cutters to travel across the face of the 
blank, or blanks, as a number could be 
cut at once. The cutters present a novel 
feature, being divided in two parts along 



Fm. 24. — Swasey'sSpur^ear Generator — 
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an axial plane, and while the lower half 
engages the blank and travels forward 
with it J the upper half is moving back- 
ward, preparatory to engaging a fresh 
portion. 

A machine working in the same way, 
but using a gang of solid cutters longer 
than the circumference of the pitch circle 
of the blank, was patented in 1896 by Mr. 
H. C. Warren, of Hartford. 

There is but one American machine 
using the "describing" method known to 
the writer, and that was the invention of 
Mr. Grant, and was patented in 1889. 
The accompanying plan view and dia- 
grams. Fig. 25, will make the operation 
clear. The tool is practically a point, 
although the one used for shaping the 
tooth-faces may have a straight cutting 
edge, which really makes that part of 
the operation an intermeshing one, as 
was the case in the Saxton apparatus 
hereinbefore described. Its path of re- 
ciprocation along the guide 38 represents 
an element of the cone 3 and the rotation 



of the arm carrying that guide about the 
axis 33-1-18, together with the simul- 



taneous rotation of the blank, at angular 
velocities inversely proportional to the 
sines of the center angles of the pitch 
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cone and rolling cone, gives to the path 
of the tool relatively to the pitch cone 
of the blank the motion that an element 
of the rolling-cone 3 would have rela- 
tively to cone 2. Consequently, the 
point of the tool describes an epicycloidal 
surface on the face of the tooth, the blank 
having been preliminarily grooved so 
that the tool has only to remove a small 
amount of metal. In the plan view the 
center angle of the pitch cone is repre- 
sented by the dotted lines 15-1-17, and 
that of the rolling cone by the lines 17-1- 
18. To shape the hypocycloidal flanks 
the curved tool shown is used, and the 
tool-slide carrying arm is adjusted so 
that the center angle of the rolling cone 
becomes the angle indicated by dotted 
lines 17-1-16, the axis 33-1-18, about 
which the arm rotates, having been 
adjusted into the line 16-1. The path of 
movement of the tool now becomes in 
effect that of an element of the cone 4 
rolling on the inside surface of cone 2. 
As has been said, this is the only machine 
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of American invention, as far as known 
to the writer, working on the describing 
method, the others employing it being 
foreign inventions. 

Another machine invented by Mr. 
Grant works on the intermeshing method 
to produce ^^planoid" teeth on bevel- 
gears, a name coined for them by the in- 
ventor. This machine was described in 
the American Machinist for June 7, 1894. 
The "planoid" bevel-gear tooth has plane 
flanks, preferably radial, but not neces- 
sarily so, and faces which are conjugate 
to the plane flanks of the xuating gear. 
They closely resemble epicycloidal faces, 
and as the angle of the bevel-gear cone 
decreases ,the resemblance increases, 
until in spur-gears planoid teeth become 
epicycloids. The operation of the ma- 
chine is similar in some respects to that 
of the Saxton device described above, in 
that the tool used represents the plane 
flank of a mating gear, and will be under- 
stood from the sectional elevation and 
diagrammatic views, Fig. 26. The tool 
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t^ is reciprocated along the guideway 
shown, and is first fed in radially to the 
full depth of a tooth by means of the 
worm and sector, the blank being mean- 
while held stationary; it is then with- 
drawn as far as the pitch circle, and is 
kept there, continuing to reciprocate, of 
course, while the blank is rolled out of 
engagement with it, as if it were rolling 
on the pitch surface c of the gear whose 
tooth flank the tool represents, by turn- 
ing the sprocket wheel m which rotates 
the blank and also swings the carrier B 
about the axis 3-4. 

Mr. H. C. Tyler's 1895 machine, from 
which the views of Fig. 11 were taken, 
was arranged like a vertical slotter (see 
Fig 28), 9 being the slotter bar and 41 
the tool of involute rack shape. The 
standard C on which the bar 9 recipro- 
cates is fed across the bed by a feed screw 
22, driven by the worm-gearing and 
ratchet mechanism shown, from the driv- 
ing pulley 7. The blank, shown at 7 as 
a templet, is held on a swinging arm S, 
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the front curved end of which is attached 
by two flexible steel bands running in 
opposite directions to the movable stand- 
ard C. Thus while the tool is relatively 
rapidly traveling up and down it is fed 
tangentially to the blank, which is simul- 
taneously rotated at the same linear 
speed, the motion of course being that of 
a rack and gear in mesh. 



CHAPTER V. 

MODERN GENERATING MACHINE. 

There is one modem machine using the 
describing method, but shaping the teeth 
to the approximate circular arcs, which 
should be mentioned, and that is the 
machine built by Smith & Coventry, of 
Manchester, England, which was de- 
scribed in the editorial letters from the 
Paris Exposition, at page 951, Vol. 23. 
In this machine the relative movement 
of the cutters and blank — for two planing 
tools are used, operating on opposite sides 
of the same tooth — is compounded from 
a swinging movement of each in planes 
at right angles to each other. The tools 
are reciprocated along guideways pivoted 
at the cone apex of the blank, the guide- 
ways being separated at a rate controlled 
by the swinging of the blank-supporting 
. . - 100 
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carrier in a horizontal plane about a ver- 
tical axis through the cone apex. 

The Fellows gear-shaper, described in 
the American Machinist at pages 519, 
Vol. 20, and 153, Vol. 23, works on the 
intermeshing method, using a complete 
gear instead of a rack-tooth as the gen- 
erator. Back of it, however, is a machine 
for finishing the hardened generating gear 
cutter, which uses a grinding disc, repre- 
senting one side of a tooth of an invo- 
lute rack, or crown gear. The grinding 
machine will be described afterwards. 
Presumably most of the readers of the 
American Machinist are familiar with the 
operation of the gear-shaper. The gear 
C, Fig. 29, which is transformed into a 
planing tool by giving back and side 
clearance and top rake to the teeth, is 
reciprocated vertically and works with a 
draw stroke, except on internal gears, 
when it has to plane downwards. It and 
the blank, a number being shown at b, 
are slowly rotated as if in mesh. The ad- 
denda of the cutting teeth are increased, 
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BO that one tool can cut small and large 
gears and a rack of the same pitch, which 
wi}\ all mesh perfectly together. The 
same tool can^be used for internal gears 
also, which can be cut on this machine as 
easily as external toothed wheels, but 
bevel-gears cannot be cut. If the path of 
travel of the generating-gear is not quite 
parallel to the axis of the blank, it will 
produce a tapered gear larger at one end 
than at the other, which is not a true 
bevel-gear, since the teeth are the same 
depth and have the same side curves 
throughout their length. A photograph 
of this abnormal gear is shown in the 
American Machinist at page 177, Vol. 
23. 

Used as one of the generating-cutters, 
it has the advantage that as the face is 
ground away to sharpen it the curvature 
of the teeth does not change, as it would 
in an ordinary bevel-gear. To make one 
of the generating-gears, a blank is put 
in the machine and another generating- 
gear set to work upon it, a striking 
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instance of what may be called, for want 
of a better term, "self-reproduction," 
which pervades all machine-tool work. 
The gear thus made, which is left a little 
large, is hardened and then put in the 
finishing machine (see Fig. 30), which 
grinds the teeth to true involute or octoid 
shape, the machine being also adapted to 
finish hardened bevel-gears. One side, 2, 
of the emery wheel d, which is a plane 
surface, represents, when acting on a tooth 
side of the blank c, one side of an invo- 
lute rack-tooth, and the blank is rolled in 
mesh with it by means of the handle 
6^, the movement of translation being 
caused by the two flexible steel bands e 
and e^. If the blank is large the emery 
wheel may be reciprocated across its face 
by means of the rack rf*, pinion d^ and 
handle cP, the same means serving to 
withdraw it from engagement during the 
indexing of the blank. In order to give 
the active surface of the grinding disc 
the angularity relative to the blank which 
the side of the rack-tooth would have, the 



carrier for the blank is arranged at e 
angle to the horizontal, as shown. 




This hand-operated machine serves to 
illustrate the operation upon which an 
automatic machine invented by Mr. Fel- 
lows works. 
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A rack-generating machine working on 
the principle of the gear-shaper was also 
invented by Mr. Fellows, in which both 
motions of rotation and translation are 
given to the generating-gear, the rack 
being held stationary except for a back 
and forth movement to clear it from the 
cutter on the back stroke. Spiral gears 
can also be cut on the shaper by giving 
the generating-gear an additional rotary 
movement as it planes across the face of 
the blank. 

The Pope Company, of Hartford, had 
at work at one time a large number of 
machines of the intermeshing Sang theory 
type, making bevel-gears for chainless 
bicycles, the inventor of which was Mr. 
H. C. Warren, and which were described 
in the American Machinist , at page 211, 
Vol. 21. In these machines two rotary 
cutters are used mounted on axes inclined 
towards each other, the peripheries being 
beveled off on adjacent sides, the beveled 
portions representing, where they engage 
the blank, opposite sides of adjacent teeth 
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of an imaginary crown-gear. The rolling 
or intermeshing movement is divided up 
between the blank and the cutters; that 
is, the blank rotates on its axis, and an 
oscillating carrier on which the cutter car- 
riages are slidably mounted is swung, at 
a proper velocity ratio, around the axis of 
the imaginary crown-gear, thus giving to 
the active portions of the cutters and to 
the blank the relative movements of the 
crown-gear teeth and the bevel-gear teeth 
in mesh. Fig. 31 serves to illustrate this 
action, although the cutters therein 
shown are broaching or filing tools and do 
not rotate, nor do they need in that case 
any feeding movement, whereas when 
rotary cutters are used, they must be 
gradually fed across the face of the blank, 
since the active surfaces, being conical, 
only touch the sides of the bevel-gear 
teeth in a point and not in a line, as 
would an actual crown-gear tooth. 

The machine invented by Mr. 0. J. 
Beale, and described in the American 
Machinist at page 272, Vol. 22, forms, 
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with the Ingold device hereinbefore men- 
tioned, the nearest practical embodiment 
of the molding process. The generator 
is a hardened gear, usually a crown-gear, 
and is run in mesh with the bevel-gear 
being formed, requiring no additional 
cutting movement. This generating-gear 
is formed by cutting down the teeth of a 
crown-gear having straight sides to vary- 
ing hights, leaving sharp edges. The gen- 
erator, as at G, Fig. 32, where it is shown 
as a complete crown-gear used to burnish 
and compress the teeth of the blank B 
after the generator C has been used on it, 
is brought up into mesh with the gear to 
be finished, the teeth of which have been 
previously formed to approximately cor- 
rect shape, and is rotated and gradually 
forced forward until the teeth of the gear 
are all correctly shaped. 

Better results are obtained if the direc- 
tion of rotation of the mating generator 
and gear is intermittently reversed. 

The descriptions of the modem ma- 
chines just given and those which follow 
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are not arranged according to a strict 
chronological order, but rather grouped 
according to similarity of operation. 

The machine brought out by the 
Leland & Faulconer Company, which 
grinds the teeth of a hardened bevel-gear 
to the form of a templet, was described 
in this paper at page 589, Vol. 22, but the 
geixerating machine of the same company 
invented by Mr. Cheney has not received 
notice, as far as the writer is aware. It 
is also for the purpose of finishing hard- 
ened bevel-gears and uses an emery wheel 
the periphery of which has the cross-sec- 
tion of the involute rack-tooth. It has 
besides the rotary motion a reciprocatory 
one across the face of the blank. The 
blank has both movements which go to 
msike the necessary rolling motion, being 
mounted on a swinging carrier and also 
rotated on its axis. One side of each 
tooth is finished first, as in the Bilgram 
machines described. 

Among bevel - gear planers which 



i govern the relative movement of the tool 
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and blank by a templet, the machines of 
the Gleason Tool Company, are promi- 
nent. Generating machines are em- 
ployed in the production of the templets, 
which were described in the American 
Machinist at page 1058, Vol. 23. A 
bevel-gear generating machine was pat- 
ented by Mr. James E. Gleason in 
1898, which I understand has not been 
placed on the market owing to the fact 
that the performance of the templet 
machines is so satisfactory. The dis- 
tinguishing characteristic in the opera- 
tion of the generating machine is that the 
rotary cutter finishes both sides of a space 
in one traverse across the face of the 
blank. This is accomplished by giving 
it a lateral reciprocatory movement in 
addition to its other motions, equal in 
amount to its width at the periphery, so 
that first one side and then the other is 
brought into the vertical plane through 
the axis around which the blank may be 
considered as rolling. Each time the 
cutter is moved laterally the direction of 
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oscillation of the blank and of the cutter 
carrier is changed. In this machine the 
rolling or intermeshing movement is 
obtained by a rotation of the blank and a 
swinging of the cutter carrier about the 
vertical axis which passes through the 
cone apex of the blank. The lateral 
movement of the cutter and the reversal 
of the intermeshing motion take place 
after every two revolutions of the cutter. 
It was intimated near the commence- 
ment of this article that a hard and fast 
line cannot be drawn between the differ- 
ent types of gear-cutting machines . This 
is illustrated by a templet bevel-gear 
machine described in a British patent of 
1850 granted to an engineer named John 
Hunt, and also very clearly by the ma- 
chine invented by Mr. C. D. Rice, of 
Hartford, which was described in this 
paper at page 440, Vol. 23, in which the 
blank is given a rolling motion relative to 
the active face of the cutter to cause it to 
shape the tooth-face. The photograph 
of the model, illustrating the principle, 



which accompanied the article in the 
number referred to above, is reproduced 
here in Fig. 33. A swinging motion is 



Fig. 33. — Principle of the lUce Machine. 

given to the carrier, on which the blank 
and master gear are mounted, about the 
vertical axis through the cone apex, which 
motion causes a rotation of the blank by 
engagement of a tooth of the master gear 
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with the guide plate, the active face ot 
which lies in the same plane as the active 
face of the cutter. This is a true inter- 
meshing movement, and this machine 
consequently involves the intermeshing 
method, although the tooth curves are 
determined by a master gear or templet. 
The most recent bevel-gear generator of 
the intermeshing ''Sang theory" type is 
that of Mr. Beale, of the Brown & Sharpe 
Manufacturing Company, which was de- 
scribed in the American Machinist for 
January 20, 1903. The distinguishing 
feature of this machine, aside from any 
consideration of the details of the mechan- 
ism, lies in the fact that both sides of a 
space are finished simultaneously. Two 
toothed discs are used, mounted on axes 
inclined to each other, the teeth of one oc- 
cupying the spaces of the other. The 
outer faces of the discs are planes in which 
the cutting edges lie, and represent, in 
those portions of them which engage the 
blank, the two sides of an involute crown- 
gear tooth, the same assumption being 
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made, as in most machines of this type, 
that the crown-gear teeth have plane 
sides like the rack-teeth. The axes of the 
cutters are stationary in operation, both 
motions of rotation and translation being 
given to the blank. The cutter spindles 
are mounted on a sUding head which is 
fed up a trifle for the backward swing of 
the blank so as to let the cutters take a 
finishing cut. Adjustments of the cutter 
spindles are provided so as to permit the 
formation of gears of various diameters, 
pitch and angles of pressure. 

The somewhat intricate but very inge- 
nious machine invented by M. Monneret, 
of Paris, which was described in the 
American Machinist at page 683, Vol. 23, 
generates helical bevel-gear teeth by the 
intermeshing "Sang theory" method. 
Briefly stated, the operation of this 
machine consists in reciprocating the 
tool in a plane representing the side of a 
crown-gear tooth, the guideway on which 
the tool-holder slides being pivoted on an 
axis coinciding with that of the imaginary 
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crown-gear. The blank is rotated at the 
same time, so that the tool cuts a helical 
groove, and this rotation being continu- 
ous serves also to space the blank for the 
next cut. After one cut has been made 
in each space all around the blank, the 
tool is fed in by swinging its guide slightly, 
the rotation of the blank being simul- 
taneously modified by adding to it the 
angular movement corresponding to the 
intermeshing movement of a tooth with 
the crown-gear tooth represented by the 
tool. It will be seen that, for gears of 
the same pitch, the rotary movement to 
cause the helical cut, which is quite 
small in practice, takes care of itself, so 
that the operator does not have to think 
about that at all. 



CHAPTER VI. 

GENERATING OTHER FORMS OF TEETH. 

Going back now ten years or more, we 
find a machine for generating the teeth of 
spiral gears forming the subject of an 
1889 patent to E. P. and H. C. Walter, of 
Bridgeport, Conn., one view of which is 
shown in Fig. 34. This machine serves 
to illustrate the similarity spoken of 
above between the intermeshing method 
of gear generating and the process of cut- 
ting a helix, or, as it is generally called, a 
thread, in the lathe. The tool is of 
truncated wedge shape — ^that is, of the 
form of an involute rack-tooth — ^and is 
reciprocated by the screw and reversing 
pulleys shown, and has no other move- 
ment. By turning the crank X which 
is fast on a feed screw lying directly imder 
the blank arbor and engaging a nut on the 
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carriage T, the blank is fed along in the 
direction of its axis. It is also simul- 

• 

taneously rotated by means of the change 
gears F, worm shaft B and worm wheel 
D, The index mechanism N provides 
for the cutting of multiple threads. At 
first glance it seems that there ought to 
be a fixed relation between the recipro- 
cations of the tool and the movements 
of the blank, but a little study shows 
why it is unnecessary and also shows 
that the operation, although somewhat 
disguised, is essentially the same as that 
of cutting a thread in the lathe, the tool 
being given an additional cutting move- 
ment. 

It will readily be seen that the same 
relative action takes place whether the 
rotating work is moved axially past the 
tool or whether the tool is moved along 
parallel to the axis of the rotating work. 
The latter is the ordinary lathe arrange- 
ment, while the former is that of this 
machine and would be that of a lathe if 
the tool carriage were clamped to the bed 



119 



and the headstock and tailstock were 
connected together and fed along the 
ways, as is the case somethnes in grind- 
ing machines. 

In a screw-cutting lathe the change 
gears which determine the pitch of the 
thread being cut, fix a ratio between the 
rotations of the work and the travel of 
the tool parallel to the axis of the work. 
In the Walter machine, as the blank does 
the travelling instead of the tool, the 
change gears determine the ratio between 
the rotation of the blank and its travel in 
an axial direction. 

If a very coarse pitch thread were cut 
in a lathe, the lead screw would have to 
perform too much of the work of cutting, 
since the rotation of the work must be 
slow compared to the feed of the tool. 
This is avoided by giving the tool an addi- 
tional cutting movement, which is usually 
rotary but might be reciprocatory, as in 
the case under consideration. The point 
of the ordinary thread tool, if it had an 
additional reciprocating cutting move- 
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ment, would trace a straight line p^pen- 
dicular to the axis of the work, whether 
the tool were set "square" with the work 
or obliquely. This is not so in the Wal- 
ter machine, and a little consideration 
shows why. Supposing the pitch of the 
thread to be cut by the ordinaiy thread 
tool were increased until it was infinite, 
then the rotary movement of the work 
would be zero and the cutting movement 
would be caused entirely by tiie lead 
screw. It is evident that the tool would 
have to be arranged with its cutting face 
in a vertical plane instead of in a hori- 
zontal plane, as ordinarily. So, if the 
lead of the screw being cut were 45 
degrees, the face of the tool should stand 
at an inclination of 45 degrees to the 
horizontal. For ordinary pitched screws 
cut by a thread tool the inclination would 
be very slight and is unnecessary, but if 
the tool has a reciprocatory cutting 
movement and the pitch of the thread is 
coarse, as is the case in Walter's machine, 
the path of movement of the tool must 
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correspond with the lead of the thread, 
otherwise there would be trouble at once, 
owing to the tool not tracking in the 
groove that it cut. This angular adjust- 
n\ent, it is noticed, is provided for in the 
thread-milling machine of Pratt & Whit- 
ney described in the American Machinist 
of November 6, 1902. It will now be 
seen why it is that the reciprocatory 
movement of the tool in this machine is 
entirely independent of the movements 
of the work, and that the machine in its 
operation is similar to a screw-cutting 
lathe, or thread-milling machine. 

Since the use of a tool having the shape 
of an involute rack tooth in this machine 
causes the resulting teeth of the spiral 
gear to be conjugate to it, it is at once 
evident that the same result must be 
obtained when the pitch is finer; in other 
words, that screw-threading machines 
and all other machines which produce 
helical gearing of any kind, work on the 
intetmeshing generating principle, as 
stated near the commencement of this 
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treatise, where worm and worm-wheel 
cutting machines were cited as examples. 

It must be borne in mind that there is 
no dividing line between an ordinary spur 
gear and an ordinary screw thread, both 
being forms of toothed gearing. A 
worm, which is generally considered to 
be a gear, is nothing but a screw thread, 
single or multiple, and the teeth of what 
are ordinarily known as spiral gears are 
merely short sections of screw threads of 
coarse pitch. 

The third and last group of recent in- 
ventions which remains to be considered 
comprises five machines of the inter- 
meshing type which were especially 
designed to generate special forms of 
bevel-gears for chainless bicycles, al- 
though of course adapted for other uses. 
Each of them forms a gear to mesh with 
a "pin-wheel" and uses a cutter or cut- 
ters of the form of the pins, which are 
usually cylindrical, but may be conical 
or of other suitable form, giving to the 
blank and cutter exactly the motion that 
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the finished gear and pin-wheel have 
when in operative engagement. The 
axes of the gear and pin-wheel may or 
may not be at right angles to each other, 
and some of the machines provide adjust- 
ments for the cutter head to provide for 
the cutting of gears having different angu- 
larity of axis relative to that of the pin- 
wheel. 

The principal difference in the opera- 
tion of these machines, aside from the 
details of mechanism, which naturally 
vary considerably, lies in the additional 
cutting movement imparted to the cut- 
ters, and as three of them are similar in 
this respect, a description of the opera- 
tion of one of them will suffice. The 
machine shown in Fig. 35, invented by 
Mr. E. G. Ashley, of Rochester, N. Y., 
to cut what is known as the " Sager gear," 
is taken as an example of this type. At 
X is the blank which has been previously 
gashed out with the square slots shown, 
and H indicates the milling cutters repre- 
senting the pins of the pin-wheel with 



which the finished gear is to mesh. If 
as many cutters are used as there are pins 
on the wheel, every tooth will be finished 




in one revolution of the blank, but in 
this instance only one-half as many cut- 
ters as pins are used, so that two revolu- 
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tions of the blank are necessary to com- 
plete it. One cutter only might be used, 
which is the case in the two other ma- 
chines of this type; but then the blank 
would have to be indexed. In each of 
the machines means are provided to slow- 
ly revolve the rotating cutter, or cutters, 
about an axis corresponding to that of 
the pin-wheel, and to simultaneously 
rotate the blank at the proper velocity 
ratio. 

The other two patents for machines 
using rotary milling cutters of the exact 
form of the pins of the wheel were granted 
to Mr. H. F. Cuntz and Mr. J. S. Cope- 
land, and were both assigned to the Pope 
Company, now the American Bicycle 
Company. 

These gentlemen were also the inven- 
tors of the two other machines in which 
different kinds of cutters are used; in 
one of which — ^that of Mr. Copeland (see 
Fig. ^) — the spaces in the blank p are 
planed out by the tools g^ which in num- 
ber, form and arrangement resemble the 
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pins of the wheel with which the gear 
being cut is to mesh. The head /, in 
which the cutters are mounted, is recip- 
rocated by the cam h to cany the cut- 
ters across the face of the blank, and is 
rotated by the worm and worm-wheel k, 
the blank being rotated in unison by the 
bevel gears m and n. The small views 
show one of the cutters detached and an 
end view of the cutters in engagement 
with the blank. 

The cutter head of the other machine 
invented by Mr. Cuntz is illustrated in 
Fig. 37, from which it will be seen that 
rotary toothed disc cutters are used, a 
cross-section of the periphery of which 
is that* of one-half the pins of the pin- 
wheel. The cutters represent the pins 
in number, location and movement rela- 
tive to the blank. 

This completes the list of gear-generat- 
ing machines invented up to the present 
time, as far as known to the writer. The 
question naturally presents itself, after 
reviewing a class of machines as has here 



128 



been done, as to the lines along which 
development has occurred, and as to 
those along which it may be expected to 
occur in future. It appears safe to say 




Avuriean MaeAinut 



Fig. 37. — Cuntz^s Generator for Bevel-gears to 
Mesh with Pin Wheels. 



that the describing method has been 
superseded by the intermeshing method, 
and that for the production of ordinary 
form of gears — i.e., spur and bevel-gears 
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— in interchangeable sets, the Sang theory 
and intermeshing method are indispen- 
sable. 

In concluding, the writer wishes to 
acknowledge his indebtedness to Francis 
H. Richards, Esq., of New York, for valu- 
able assistance regarding the data of the 
publications containing the descriptions 
of generating machines. 
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BERNTHSEN (A.). A Text-Book of Organic Chemis- 
try. Translated by (jteorgeM'Qowan, Ph.D. Fourth 
English edition. Revised and extended by author 
and translator. Illustrated. 12mo, cloth 2 60 

BERTIN (I<. E.). Marine Boilers : Their Construc- 
tion and Working, dealing more especially with 
. Tubulous Boilers. Translated by Leslie S. Robertson, 
Upward of 250 illustrations. Preface by Sir William 
White. 8vo, cloth. Illustrated 7 50 

BICK^S (C. H. W.). First Principles of Electricity 
and Magnetism. Being an attempt to provide an 
Elementary Book for uiose intending to enter ^Ae 
profession of Electrical Engineering. Second edition. 
12mo, cloth. Illustrated 2 00 
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BINNS (OHAS. F.). Manual of Praclical Pottincr. 
Compiled by Experts. Third .edition, revised an 1 
enlarged, ovo, cloth ueC 7 50 

•— ^ Ceramic Technology; being some aspects of Tech* 
nical Science as applied to Pottery Manufacture. 
8vo, cloth net 5 00 

BliAKS (W. P.). Report upon the Precious Metals. 
Being Statistical Notices of the Principal Gold and 
Silver producing regions of the world, represented 
at the Paris Universal Exposition. 8vo, cloth ....... S 09 

BULKBSI^EV (T. H.). Alternating Currents of Elec- 
tricitv. For the use of Students and Engineers. 
Third edition, enlarged. 12rao, cloth 1 50 

BliYTH (A. WYNTKR, M. B. O. S., F. O. S.)- Foods: 
their Composition and Analysis. A Manual for the 
use of Analytical Chemists, with an Introductory Es- 
say on the History of Adulterations, with numerous 

V tables and illustrations. New edition. ... .(In Press) 

— Poisons : their Effects and Detection. A Manual 
for the use of Analytical Chemists and Experts, 
with an Introductory Essay on the growth of Modern 
Toxicology. Third edition, revised and enlarged. 
8vo, cloth 7 60 

BODMBR (G. B.). Hydraulic Motors ; Turbines and 
Pressure Engines, for the use of Engineers, Manu- 
facturers and Students. Second edition, revised and 
enlarged. With 304 illustrations. 12mo. cloth 5 OO 

BOIIiBAU (J. T.). A New and Complete Set of 
Traverse Tables, Showing the Difference of Latitude 
and Departure of every minute of the Quadrant and 
to five places of decimals. 8vo, cloth 6 00 

BOTTONB (S. B.). Electrical Instrument Making for 
Amateurs. A Practical Hand-book. With 48 illus- 
trations. Fifth edition, revised. 12mo, cloth 60 



Electric BeUs, and all about them. A Practical 



Book for Practical Men. With more than 100 illus- 
trations. ISmo, cloth. Fourth edition, revised and 
enlarged 6( 



—The Djmamo : How Made and How Used. A 
Book for Amateurs. Eighth edition. 12mo, cloth... 1 00 
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BOTTONJ^ (S. B.>. Electro Motors : How Made and 
How Used. A Hand-bovk for Amateurs and Practical 
Men. Second edition. 12mo, cloth 75 

BONNBT (6. ]&•>. The Electro-Platers* Hand-book. 
A Manual tor Amateurs and Young Students on 
Electro-Metallurgy. 60 illustrations, 12mo, cloth. . 1 90 

BOW (R. H.). A Treatise on Bracing. With its applt- 
cation to Bridges and other Structures of Wood or 
Ii-un. 156 illustrations. 8to, cloth 1 50 

BOWSER (Prof. E. A.). An Elementarj Treatise 
on Analytic Geometry. Embracing Plane Oeometiy, 
and an Introduction to Geometry of three Dimen- 
KioQS. ISmo, cloth. Twenty*flrst edition... 1 75 

An Elementary Treatise on the Differential and 

Imegral Calculus. With numerous examples. 

K>i no, cloth. Seventeenth edition 2 2S 

— - An Elementary Treatise on Analytic Mechanics. 
With numerous examples. 12mo, cloth. Fourteenth 
editkm • SCO 

An Elementary Treatise on Hydro-Mechanics. 

With numerous examples. 13mo, cloth Fifth 
edition 2 60 

— ^^ A Treatise on Roofs and Bridges. With Numerous 
Exf'rcises. Especially adapted for school use. 12mo, 
cloth. Illustrated net 2 25 

BOWIE (AUG. J., Jun., M . E.). A Practical Treatise 
on Hydraulic Mining in California. With Description 
of the Use and Construction of Ditches, Flumes, 
Wrought-iron Pipes and Dams ; Flow of Water oa 
Heavy Grades, and its Applicability, under High 
I'ressure, io Mining. Fifth edition. Small quarto, 
c.oth. Ulustrated 6 00 

BUliGH (N, P.). Modem Marine Engineering, applied 
to Paddle and Screw Propulsion. Consisting of 86 
colored plates, 250 practical woodcut Illustrations, 
and 403 pages of descriptive matter. The whole 
being an exposition of the present practice of James 
Watt & Co., J. & G. Rennie, R. Napier & Sons, and 
other celebrated firms. ThicK quarto, half morocco. 10 00 
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BU&T (W. A.)* Key to the Solar Compass, and 
Surveyor's CompanuHi. Comprising all the rules 
necessary for use in the field ; also description of 
the Linear Surveys and Public Land System of the 
United States. Notes on th«> Ba' ometer, Suggie^ioBS 
for an Outfit for a Survey of Four Months, etc. 
Seventh edition. Pocket-book form, tuck 2 SO 

OALDWEIX, (O. C), and A. A. BRBNEM AIC. 

Manual of InUxnluctory Chemical Practice. For 
the use of Students Id Colleges and Normal and 
High Schools. Fourth edition, revised and corrected. 
8vo,cloth Illustrated 160 

OAMPIN (FRANCIS). On the Construction of Iron 
Roofs. A Theoretical and Practical Treatise, with 
wood cuts and Plates of Roofs recently executed. 
8vo, cloth. 2 00 

OARTSR (B. T.). Motive Power and Gearing for 
Blectrical Machinery. A Treatise on the Theory 
and Practice of the Mechanical Equipment of Power 
Stations for Electric supply and for Electic Traction. 
Svo, cloth. Illustrated 5 00 

OATHCART (Prof. WM. L.). Machine Elements: 
Shrinkage and Pressure Joints. With tables and 
diagrams. 8vo, cloth. Illustrated net 2 50 

■ Marine Engine Design dn Press.) 

GHAMBJSB'S MATHBlfATICAI. TABI.SS, con- 
sisting of logarithms of Numbers 1 to 108,000, Trigo- 
nometoical, Nautical, and other tables. New edition. 
8vo,cloth 175 

CHAUVENET (Prof. W.). New Method of Correct- 
ing Lunar Distances, and Improve 1 Method of 
Findmg the Error and Rate of a Chronometer, by 
Equal Altiiudes. 8vo, olotb. 2 00 

CHRISTIE (W. WALLACE). Chimney D«>s{gn and 
Theory. A Book for Engineers and Architects, with 
numerous half-tone illustratioiis and plates of famous 
chimneys. 12mo. cloth 8 00 

CnURCH (JOHN A.). Notes of a Metallurgical 
Journey in Europe. 8vo, cloth 2 00 

CLARK D. (KINNBAR, C. E.). A Manual of Rulf^s, / 
Tables and Data for Mechanical Engineers. Based 
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on the most recent investigations. Illtistrated with 
numerous diagrams. 1,012 pages. 8yo, cloth. Sixth 

edition 5 00 

Half morocco 7 SO 

€I«ARK D. (KINNBAR, C. E.). Fuel : its Combust- 
ion and Economy, consisting of abridgements of 
Treatise on the Combustion of Coal. By C W. 
Williams; and the Economy of Fuel^ by T. 8. 
Prideauz. With extensive additions in recent wac- 
tice in the Combustion and Economy of Fuel, Coal, 
Coke, Wood, Feat, Petroleum, etc. Fourth edition. 
12mo, cloth 150 

— The Mechanical Engineer's Pocket-book of Tables. 
Formulae, Rules and Data. A Handy Book of 
Reference for Daily Use in Engineering Practice. 
lOmo, morocco. Second edition 8 00 

-Tramways, their Construction and Working, em- 
bracing a comprehensive histdry of the sy^m, 
with accounts of the various modes of traction, a 
description of the varieties of rolling stock, and 
ample details of Cost and Working Expenses. 
Second edition. Re-written and greany enlarged, 
with upwards of 400 illustrations. Thick 8vo. cloth. 00 

The Steam Engine. A Treatise on Steam Engines 
and boilers : comprising the Principles and Practice 
of the Combustion of Fuel, the Economical Qenera* 
tion of Steam, the Construction of Steam Boilers, and 
the Principle**, Ccmstruction and Performance of 
Steam Engines, Stationary, Portable, Locomotive 
and Blariue, exemplified in Engines and Boilers of 
recent date. 1,800 figures in the text, and a series 
of folding plates drawn to scale. 2 vols. 8vo, cloth. 15 00 

OI«ABK (JACOB M .). A new System of Laying Out 
Railway Turn-outs instantly, by inspection from 
Tables. 12mo, leatherette 100 

GI<AUSEN-THU (W.). The A. B. C. Univerpal Com- 
mercial Electric Telegraphic Code ; especially 
adapted for the use of Financiers, Merchants, Ship- 
owners, Brokers, Agent, etc. Fourth edition. 8vo, 

cloth. 6 00 

Fifth edition of same 7 00 

The Al Universal Commercial Electric Telegraphic 4 
Code. Over 1,340 pp., and nearly 90,000 vanations. 
8vo,cioth 780 
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CI^BBMANN (THOS. M.)* The Baflroad Engineer's 
Practice. Beinff a Short but Completo BescriptioB 
of the Duties of the Young Engineer in the Prelimi- 
nary and Location Surveys and in Construction. 
Fourth edition. Revised and enlarged. IlluBtrated. 
13mo,cloth . 1 iO^ 

GliETENGER (S. R.). A Treatise on the Method of 
Government Surveying as prescribed by the U. S. 
Congress and OonimiBSioner of the General Land 
Office, with complete Mathematical, Astronomical 
and Practical Instructions for the use of the United 
States Surveyors in the field. 16mo, morocco 2 50 

COFFIN (Prof. J. H. C). Navigation and Nautical 
Astronomy. Prepared for the use of the U. 8. Naval 
Academy. New Edition. Revised by Commander 
Charles Belknap. 5S woodcut illustrations. 12mo, 
cloth .... •.• net. 8 60 

GOUS (R. 8., M. A.). A Treatise on Photographic 
Optics. Being an account of the Principles of 
Optics, so far as Uiey apply to Photography. 12mo, 
cloth, 108 illustrations and folding plates 2 50 

CM>IJLINS (J AS. E.). The private Book of tJsefid 
Alloys, and Memoranda for Goldsmiths, Jewelers, 
etc. 18mo, cloth 50 

CORKWAIX (Prof. R. B.). Manual of Blow^pe 
Analysis, Qualitative and Quantitative. With a 
Complete System of Determinatlye Mineralogy. 8vo, 
cloth. With many illustrations. •••• 2 60 

CRAIG (B. F.). Weights and Measures. An Account 
of the Decimal System, with Tables of Conversion 
for Commercial and Scientific Uses. Square 82mo, 
limpcloth t[0 

CROCKER (F. B.). Electric Lighting. A Practical 
Exposition of the Art, for use of Engineers, Students, 
and others interested in the Installation or Operation • 
of Electrical Plants. Second edition. Revised. 

8vo, cloth . Vol. I. The Generating Plant 8 00 

Vol. II. Distributing Systems and Lami>s. Third 
edition. 8v(\ cloth. Illustrated 3 80 



lo D. Van nostrand company's 

CROCKER, (F. B.)> and S. S. WHEKI.I&R. The 

Practical Managrement of Dynamos and Motors. 
Fourth edition .(twelfth thousand). Revised and 
enlarged With a special chapter by H. A. Foster. 
12mo, cloth. Dlustrated 1 09 

CUMMINO (LINNiEUS, M. A.). Electricity treated 
Experimentally. For the use of Schools and Students 
New edition. 12mo, cloth 1 50 

DATIES (E. H.). Machinery for Metalliferous Mines. 
A Practical Treatise for Mming Enjirineers, Metallur- 
eists and Managers of Mines. With upwards of 400 
illustrations. Second edition, rewritten and en- 
larged. 8vo, cloth net 8 00 

DAY (CH ARISES). The Indicator and its Diagrams. 
With Chapters on Engine and Boiler Testing; 
Including a Table of Piston Constants compiled by i 

W. H. Fowler. 12mo, cloth. 125 illustrations 2 00 | 

DERR (W. I..). Block Signal Operation. A Practical i 

Manual. Oblong, cloth 1 50 | 

I>IXON(D. B.). The Machinist's and Steam Engineer's 
Practical Calculator. A Compilation of Useful Rules 
and Problems arithmetically solved, together with 
General Information applicable to Shop-Tools, Mill- 
Gearing, Pulleys and Shafts, Steam-Boilers and 
Engines. Embracing valuable Tables and Instruc- 
tion in Screw cutting. Valve and Link Motion, etc. 
16mo, full morocco, pocket form 125 

OODD (GEO). Dictionary of Manufaefures, Mining, 
Machinery, and the Industrial Arts. ISrno, doth ... 1 50 

DORR (B. F.). The Surveyor's Guide and Pocket 
Table Book. 18ino, morocco flaps. Fifth edition, 
revised, with a second appeudix 2 00 

DRAPER (C. H.)« An Elementary T«*vt Book of 
Light, Heat and Sound, with Numer^-us Examples. 
Fourth edition. 12mo. clotn. Ulusirated 1 00 

Heat and the Principlei of Thermo-DyFamics. 
With many illustrations and numerical examples. 

AUG 20.1020 
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No. 45. THBRHIO-DYNAMICS. ^New edition, is 

press. 

No. 46. ICES-MAKING MACHINES. From tho 

French of M. Le Doux. Revised by Prof. 
J. E. Denton, D. S. Jacobus, and A. Riesen- 
berger. Sixth edition, revised. 

No. 47. LINKAGES t THE DIFFERENT FORMS 

and Uses of Articulated Links. By J. D. G. 
De Roos. 

No. 48. THEORY OF SOL.ID AND BRACED 

Elastic Arches. By William Cain, C.E. 

No. 49. MOTION OF A SOLID IN A FLUID. B^* 

Thomas Craig, Ph.D. 

No. 50. DllVELLING-HOUSESx THEIR SANI- 

tary Construction and Arrangements. By 
Prof. W. H. Corfleld. 

No. 51. THE TELESCOPES OPTICAL PRINCI- 

ples Involved in the Construction of Re- 
fracting and Reflecting Telescopes, with a 
new chapter on the Evolution of the Mod- 
ern Telescope, and a Bibliography to date. 
With diagrams and folding plates. By 
Thomas Nolan. Second edition, revised and 
enlarged. 

No. 52. IMAGINARY QUANTITIES t THEIR GE- 

ometrical Interpretation. Translated from 
the French of M. Argand by Prof. A. S. 
Hardy. 

No. 53. INDUCTION COILS: HOW MADE AND 

How Used. Eleventh American edition. 

No. 64. KINEMATICS OF MACHINERY. By 

Prof. Alex. B. W. Kennedy. With an intro- 
duction by Prof. R. H. Thurston. 

No. 55. SEWER GASES: THEIR NATURE AND 

Origin. By A. de Varona. Second edition, 
revised and enlarged. 

No. 56. THE ACTUAL LATERAL PRBSSUItE 

of Earthwprk.. By Bepj. Baker, M. Inst., 
C.E. ' 

No. 57. INCANDESCENT ELECTRIC LIGHTING. 

A Practical Description of the Edison Sys- 
tem. By L. H. Latimer. To which is added 
the Design and Operation of Incandescent 
Stations, by C. J. Field; and the Maximum 
Efficiency of Incandescent Lamps, by John 
W. Howell. 

No. 58. VENTILATION OF COAL MINES. By W^. 

Fairley, M.E., and Geo. J. Andre'. 
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No. 50. RAIL.ROiiD ECONOMICS; OR, NOTBS 

With Comments. By S. W. Robinson, C.E. 

No. 60. STRENGTH OP WROUGHT-IRON 

Bridge Members. By S. W. Robinson, C.E. 

N5. 61. POTABL.B WATER, AND METHODS OF 

Detecting Impurities. By M. N. Baker. Sec- 
ond, ed., revised and enlarged. 

No. 63. THEORY OF THE GAS-ENGINE. By 

Dougald Clerk. Third edition. With addi- 
tional matter. Edited by F. E. Idell, M.E. 

No. 63. HOUSE-DRAINAGE AND SANITARY 

Plumbing. By W. P. Gerhard. Twelfth edi- 
tion. 

No. 64. ELECTRO-MAGNETS. By A. N. Mans- 
field. 

No. 65. POCKET LOGARITHMS TO FOUR 

Places of Decimals. Including Logarithms 
of Numbers, etc. 

No. 66. DYNAMO-ELECTRIC MACHINERY. By 

S. P. Thompson. With an Introduction by 
F. L. Pope. Third edition, revised. 

No. 67. HYDRAULIC TABLES FOR THE CAL- 

culation of the Discharge through Sewers, 
Pipes, and Conduits. Based on "Kutter's 
Formula." By P. J. Flynn. 

No. 68. STEAM-HEATING. By Robert BrlsTSa- 

Third edition, revised, with additions by 
A. R. Wolff. 

No. 60. CHEMICAL PROBLEMS. By Prof. J. C. 

Foye. Fourth edition, revised and en- 
larged. 

No. 70. EXPLOSIVE MATERIALS. By Lieut. 

John P. Wisser. 

No. 71. DYNAMIC ELECTRICITY. By John 

Hopkinson, J. N. Shoolbred, and R. B. Day. 

No. 72. TOPOGRAPHICAL SURVEYING. By 

George J. Specht, Prof. A. S. Hardy, John B. 
McMaster, and H. F. Walling. Third Edition, 
revised. 

No. 73. SYMBOLIC ALGEBRA? OR, THE ALGE- 

bra of Algebraic Numbers. By Prof. Wil- 
Jiam Cain. 

No. 74. TESTING MACHINES i THEIR His- 
tory, Construction and Use. By Arthur V. 
Abbott. 
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